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PREFACE 


This  report  is  the  result  of  a  study  conducted  by  the  Norwood  Develop¬ 
ment  Laboratory  of  Al lis-Chalmers  Manufacturing  Company,  Norwood,  Ohio 
for  the  Bureau  of  Ships  under  contract  NObs  77171.  The  purpose  of  this 
study  was  to  analyze  the  factors  which  produce  or  amplify  vibration  and 
airborne  noise  of  alternating  current  induction  motors,  and  to  determine  how 
this  noise  and  vibration  may  be  eliminated  or  attenuated.  This  study  is 
specifically  concerned  with  60  cycle  induction  motors  and  various  formulas 
throughout  the  report  have  incorporated  this  frequency  into  the  equation 
constants.  The  theory,  however.  Is  more  general  and  may  be  applied  to  other 
input  frequencies.  Motor  vibration  was  of  greater  interest  than  airborne 
noise  in  this  study. 

Study  performed  undor  this  contract  falls  into  three  categories:  liter¬ 
ature  study,  theoretical  analysis,  and  test  evaluation.  Material  obtained  In 
the  literature  study  has  been  incorporated  into  this  report  to  make  it  as 
comprehensive  as  possible.  Both  the  theoretical  work  performed  under  this 
contract  and  that  reported  in  the  literature  was  verified  by  testing  of  sample 
motors. 

The  results  of  this  study  are  summarized  in  a  list  of  recommended  de¬ 
sign  criteria  for  low  noise  induction  motors. 


Qen  S. 

&  Jon  S.  Campbell 
Project  Engineer 


Approved: 

a. 

W.  A.  Andersen 
Supervisory  Engineer 


M'S*  V\«r*4*va^vr 

V.  B.  Honsinger 
Chief  Engineer 

Norwood  Development  Laboratory 


CONTENTS 


Preface 


Section  1.  Introduction . . . . .  1-1 

Section  2.  Measurement  of  Motor  Noise  . . » .  2  —  1 

2.1  Introduction. . . .  2-1 

2.2  Noise  and  Vibration  Units .  .  2-1 

2.2.1  Sour.J  Pressure  Levels. . . . .  2-1 

2.2.2  Sound  Power  Levels  ......................  2-1 

2.2.3  Vibration  Acceleration  Levels .  2-2 

2.3  Frequency  Analysis . . . ... ...  2-2 

2.3.1  Weighting  Networks . . . .  2-2 

2.3.2  Octave  Bond  Analysis . .  2-3 

2.3.3  Narrow  Band  Analysis . .  2-3 

2.3.4  OiWthird  Octave  Band  Analysis .  2-3 

2.4  Instrumentation  and  Test  Conditions .  2-4 

2.5  Definition'. . . . .  2-5 

Section  3.  Magnetic  Noise .  3-1 

3.1  Introduction . . . .  3-1 

3.2  Fundamental  Flux  and  Flux  Force  Waves .  3-1 

3.3  Magnetostriction.. . . . . .  3-3 

3.4  Comparison  of  Force  Wave 

and  MagnetostrictJva  Deflection* . .  3-5 

3.5  Effact  of  Flux  Harmonics . . .  3-7 

3.6  Means  of  Reducing  Magnetic  Noise .  3-8 

3.6.1  Air  Gap  Flux  Density .  3-9 

3.6.2  Rator-Stotor  Slot  Combination .  3-10 

3.6.3  Rotor  and  Stator  Geometry . . .  3-11 

3.6.4  Stator  Coi!  Pitch .  3-12 

,3.6.5  Skew  of  Rotor  Bars .  3-12 

3.6.6  Grain  Orientation  of  Core  Steel .  3-15 

3.6.7  Annealing  of  Core  Steel . 3-16 

3.7  Conclusion . 3-17 

Spectrograms . . . .  S3  -  1 

Section  4.  Bearing  Noise .  4-1 

4.1  Introduction .  4-1 

4.2  Sleeve  Bearings .  4-1 

4.3  Ball  Bearings . 4-2 

4.4  Relative  Advantages  of  Sleeve 

and  Ball  Bearings . . .  4-3 

4.5  Means  of  Reducing  Ball  Bearing  Noise .  4-3 

4.5.1  Bearing  Preload  (a) . 4-3 

(b)  .  4-4 

(c)  .  4-6 

4.5.2  Shaft-Bearing  Interference . . . 4-6 

4.5.3  Bearing  Locknut . 4-6 

4.5.4  Boating  Lubrieant . 4-6 

4.6  Conclusion .  4-8 

Spectrograms . S4  —  1 

Section  5.  Fan  Noise . . .  5-1 

5.1  Introduction .  5-1 

5.2  Turbulence  Effect . . . .  5-1 

5.2.1  Dripproof  Protected  Motors .  5  -  i 

5.7.2  Totally  Enclosed,  Fein  Cooled  .Motors .  5  —  3 

5.3  Siren  Effect . 5-4 


CONTENTS  (Continued) 


Section  5.  Fan  Noise  (continued) 

5.4  Whistling  Effect  . . . . .  5-4 

5.5  Conclusion.. . . . . .  5-4 

Spectrograms . . . . . .35—1 

Section  6.  Unbalance  Noise .  6-1 

6.1  Introduction . 6-1 

6.2  Cause  of  Unbalance  Noise . .  6-1 

6.3  Relative  Effect  of  Unbalance  Noise  . . .  6-1 

6.4  Reduction  of  Unbalance  Noise .  6-2 

6.5  Conclusion . 6-3 

Spectrograms . . . . S6  —  1 

Section  7.  Effect  of  Load . . . . .  7-1 

7.1  Introduction . 7-1 

7.2  Test  Motors . 7-1 

7.3  Magnetic  Noise . . .  7-2 

7.4  Bearing  Noise . . . . .  7-3 

7.5  Fan  Noise .  7-5 

7.6  Unbalance  Noise. . .  7-5 

7.7  Conclusion . . .  7-  5 

Spectrograms  . . . . . S7-  I 

Section  8.  Miscellaneous  Studies . 8-1 

8.1  Introduction . 8-1 

8.2  Tolerances. . . .  8-1 

8.3  Frame  Materials  and  Rigidity . . .  8-2 

8.4  Damping  Compounds . 8-3 

8.5  Encapsulating  Compounds . 8-4 

8.6  Internal  Isolation  . .  8-4 

Spectrograms . .  S8  -  1 

Section  9.  Prototype  Motors .  9-1 

9.1  Ratings  and  Purpose . 9-1 

9.2  Design  Data . 9-1 

9.3  Additional  Studies . 9-2 

9.3.1  Tolerances .  9-2 

9.3.2  External  Balance  Rings .  9-2 

9.3.3  Preload  Ad|ustor . 9-3 

9.4  Noise  Analysis  of  Prototype  Motors . 9-3 

9.4.1  Unbalance  Noise .  9-4 

9.4.2  Magnetic  Noise .  9-4 

9.4.3  Bearing  Noise .  9-5 

9.4.4  Fan  Noise . 9-5 

9.4.5  Narrow  Band  Analysis  . . . . . .  9-7 

9.4.6  Comparison  With  MIL-E-22843  .  9  -7 

9.5  General  Comments  . . . . .  9-8 

..Spectrograms . . . . . .  $9  -  1 

Section  10.  Summary . 10-1 

10. 1  Design  Criteria  . . 10-1 

10.2 General  Conclusions . 10-2 


Bibliography 


SECTION  1 

INTRODUCTION 


The  study  of  the  sources  and  elimination  of  in¬ 
duction  motor  noise  is  such  o  broad  field  that  a  few 
words  concerning  the  organization  and  format  of  ma¬ 
terial  are  In  order. 

This  study  wcs  conducted  over  a  period  of  a 
year  and  a  half.  During  this  time  a  considerable  a- 
mount  of  test  data  was  obtained.  This  material  hos 
been  thoroughly  reviewed  and  duplicate  tests  have 
been  reported  only  where  additional  Information  Is 
thereby  derived.  The  noise  and  vibration  testing  was 
conducted  using  one-third  octave  analysis.  This  fre¬ 
quency  analysis  and  other  facets  of  the  present  state 
of  the  art  of  motor  noise  measurement  are  briefly  re¬ 
viewed  In  Section  2.  The  test  conditions  and  noise 
instrumentation  utilized  in  this  study  are  also  de¬ 
scribed  in  this  sectjon. 

The  analysis  of  the  test  data  has  been  accom¬ 
plished  by  the  use  of  tabulations  of  the  one-third  oc¬ 
tave  levels.  It  Is  realized  that  these  tables  are  not 
easily  read  but  the  alternative  bar  graphs  very  close¬ 
ly  duplicate  the  recorded  spectrograms  and  are  only 
useful  for  two  condition  tests.  Important  levels  are 
printed  in  bold  face  to  facilitate  reading  of  the  tables. 
The  complete  frequency  spectrograms  of  all  reported 
tests  are  furnished  at  the  end  of  the  various  sections 
and  often  provide  a  ready  visual  indication  of  the 
change  in  motor  noise. 


Insofar  as  was  possible,  the  material  has  been 
classified  as  to  the  source  of  motor  noise.  Studies 
of  magnetic,  bearing,  fan,  and  unbalance  noise  are 
treated  in  Sections  3  through  6  respectively.  The  term 
'‘fan  noise”  is  used  to  refer  to  noise  generated  by 
the  cooling  airstreum  as  well  as  that  directly  caused 
by  the  motor  fan.  Because  of  other  scheduled  work, 
a  comprehensive  study  of  unbalance  noise  was  not 
made  under  this  contract.  A  discussion  of  the  causes 
of  unbalance  noise  and  certain  preliminary  studios 
are  reported  in  Section  6. 

The  effect  of  motor  load  on  the  noise  production, 
which  affects  all  four  sources  of  motor  noise,  is 
treated  separately  In  Section  7  because  of  the  rela¬ 
tive  scarcity  of  information  concerning  this  aspect. 
Certain  miscellaneous  studios,  many  of  a  transmis¬ 
sion  or  attenuation  nature,  are  treated  in  Section  8. 
Section  9  furnished  □  description  and  noise  analysis 
of  four  prototype  motors  supplied  under  this  contract. 

The  results  of  this  study,  summarized  In  Sec¬ 
tion  10,  are  divided  into  design  criteria  and  facts  of 
a  more  general  nature. 

Wherever  the  discussion  of  motor  noise  is  based 
on  or  verified  by  published  material,  reference  is 
made  to  the  papers  or  books  listed  In  the  biblio¬ 
graphy.  In  compiling  this  bibliography,  only  the  more 
important  and  authoratlve  sources  were  selected. 
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SECTION  2 

MEASUREMENT  OF  MOTOR  NOISE 


2.1  INTRODUCTION 

in  this  lection,  the  present  state  of  the  art  of 
noi|e_and  vibration  measurement  is  reviewed.  First, 
the  various  i|[nlts  used  to  specify  the  level  of  airborne 
noise  and  strjlietureborne  vibration  produced  by  a  noise 
source  are  described  in  the  following  sections: 

1. 

2.2.1  Sound  Pressure  Levels  C; 

2.2.2  Sound  Power  Levels 

2.2.3  Vibration  Acceleration  Levels 

Next,  the  weighting  and  filtering  networks  employed 
in  frequency  analysis  are  discussed  in  sections: 

2,3.1 -Weighting  (vet^yorks  - 

2.3.2  Octavb  Band  4ds>lysl  d 

2.3.3  Narrow  Band  Analysis 

2.3.4  One-third  Octave  Band  Analysis 

The  Instrumentation  used  and  the  test  conditions 
maintained  in  this  study  are  described.  Definitions 
of  the  important  units  and  terminology  are  listed  for 
reference  at  the  end  of  this  section.  ^ 


Z2  K0J<g  AND.VWUT4aH  W4T4  : 

2.2.1  Sound  Pressure  Levels 

Airborne  sound  Is  a  variation  In  air  pressure 
about  the  atmospheric  pressure  as  a  mean.  The  extent 
of  variation  in  pressure  Is  measured  in  terms  of  a  unit 
called  the  microbar,  which  Is  a  pressure  of  one  dyne 
per  square  centimeter  or  approximately  one-millionth 
of  the  normal  atmospheric  pressure.  Actually  tills  unlf 
is  not  often  mentioned  In  noise  measurement,  but,  as 
will  be  shown,  It  Is  Implied  when  the  more  common 
term  "decibel"  is  used. 

The  loudest  sound  prssiura  that  a  person  can 
hear  without  experiencing  pain  Js  approximately  10 
million  times  the  softest  sound  that  Is  barely  dll* 
cernabls  under  Ideal  conditions.  This  ratio  (10r:1) 
makes  the  use  of  a  linear  unit  for  sound  pressure  ex¬ 
tremely  Impractical  and  suggests  a  logarithmic  unit. 
The  unit  In  universal  use  is  the  deslbel  (db).  A  power 
ratio  expressed  In  db  is  numerically  equal  ta  ten  times  \ 
the  common  logarithm  of  the  power  ratio. 

P 

Power  ratio  In  db  -  10  logl0  — L 

P  2 

where  Pj/P.  is  the  ratio  of  two  powers  measured  in 
the  same  units.,’ 

Since  sound  pressure  is  proportional  to  the  square 
root  of  sound  power  in  a  linear  System  (1),  *□  press¬ 
ure  ratio  expressed  in  db  is  twenty  timss  the  common 
logarithm  of  the  pressure  ratio. 

‘Numbers  in  parentheses  refer  to  references  listed  in 
the  Bibliography, 


Pressure  ratio  in  db  =  10  log  l0  p.Vp* 

=  20  log  [0  pj/pj 

where  pt/p2  is  the  ratio  of  two  pressures  In  the  same 

units. 

It  Is  more  convenient  to  express  a  sound  press¬ 
ure  as  a  pressure  level  with  respect  to  (re)  a  refer¬ 
ence  pressure..  The  standard  reference  pressure  is 
0.0002  mlerobar  (dyne/em2).  The  definition  of  sound 
pressure  (Lp)  Is: 

Lp.in  db  re  0.0002  dyne/cm2  =  20  log.  10 

(Measured  pressure  /0.0002).  i 

igThe  measured  pressure  must  now  be  expressed\ 
in  rrilcrobari  (dynes/cm s).  This  i  s  somewhat  of  a  tech¬ 
nicality  since  sound  measuring  equipment  is  almost 
always  calibrated  to  read  sound  pressure  levels  direct¬ 
ly  In  decibels.  The  reference  level  of  0.0002  dynes/ 
cm2  Is  implied  even  if  It  Is  not  stated. 

The  decibel  is  an  extremely  convenient  unit  to 
use.  Zero  db  not  only  represents  the  threshold  of 
hearing  at  1000  epo,  but  a  difference  of  one  db  is  ap¬ 
proximately  the  smallest  that  the  average  person  can 
justice.  If  one  sound  pressure  is  twice  another,  the 
lapnif  pTSJ JOTS  T6v8f  wifi  bo  voryneorlyfi  db  higher 

(6.021).  If  one  pressure  is  10  times  another,  the  num¬ 
ber  of  decibels  ft  exactly  20;  if  one  pressure  is  100 
times  another,  the  number  is  40. 

An  Idea  ofthe  loudness  of  various  common  noises 
i;<  terms  of  decibels  maybe  gained  from  the  following 
table.  (1,2) 

TABLE  2-1 


DECIBELS 


NOISE  5QURCE 


140  >  Threshold  of  Pain 

130.  .........  .  •  i  ■  Pneumatic  Rock  Drill 

120  .  ■  •  ■  <  .  ■  -  i  •  •  i  -  ■  Loud  Automobile  Horn 

no..../. . ii  Puneh  Prese 

100  ■  i  ■  ■  Automatic  Lathe 

90... . .  ■  i  V  Nelty  Factory 

00  .....  . . .  Truck  Passing 

70  ............  .  .  Noisy  Office 

60 .  ...■■•■ . i  Conversational  Speech 

50  •  ■  Private  Buslnese  Office 

40  .  Average  Residence 

:3b  .......  . . Broadcast  Studio 

20  .......  .  .....  .  Rustle  of  leavee 

15  ....  . . Average  Threshold  tyf  Hearing 

0 . . . Acute  Threshold  of.jHeorlng 

2.2.2  Sound  Power  Levels 

Although  sound  pressure  levels  are  very  useful 
in  specifying  the  "noise  level"  of  an  area,  they  are 
not  indicative  of  the  noise  produced  bya  source  such 
as  motor.  The  sound  pressure  at  a  given  point  near  a 
source  is  dependent  on  the  directivity  of  the  sound 
radiation,  thedistance from  the  source  end  the  acoust¬ 
ical  characteristics  of  the  environment.  Sound  power 
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measurement  i s  used  to  determine  the  total  acoustical 
power  radiated  from  a  sourcp. 

Since  the  range  of  acoustic  powers  that  are  of 
interest  is  about  one  billion  billion  to  one(10ls  :  1), 
the  decibel  is  used  to  specify  sound  power  levels. 
Two  reference  powers  are  currently  used:  10“  13watts 
and  10“  1  3  watts.  Sound  power  level  referred  to  10~  13 
watts  is: 

Lw  in  db  re  10“  13  watts  '=  10  loa1D  P°wer  (wgtts) 

10-13.  watts 

Sound  power  levels  re  10-13  watts  are  10  db  lower  :/ 
than  equivalent  levels  re  10“  13  watts. 

Sound  power  levels  cannot  be  pleasured  directly 
but  are  determined  from  a  number  of  sound  pressure 
measurements  in  a  prescribed  environment  (3).  Sound 
power  levels  are  essential  ly  independent  of  the  en¬ 
vironmental  conditions  or  the  distance  from  the  source 
and.  can  be  used  to  calculate  the  sound  pressure  level  . 
at  any  point  in  the  noise  field  of  the  source  under 
varying  environmental  conditions. 

2.2.3  Vlbratlan  Acceleration  Levels 

I! 

Motor  vibration,  like  any  oscillatory  motion,  may 
be  expressed  in  terms  or  displacement,  velocity  or 
acceleratfet’.:  The  -displacement  et  distance  that  the 
motor  moves  during  vibration  is  important  in  design¬ 
ing  the  foundation  or  substructure.  Balance  (or  un¬ 
balance)  is  usually  meas-  in  terms  of  displace¬ 
ment  of  the  bearing  housing  hub.  Much  test  data  has 
been  taken  In  terms  of  velocity  or,  more  usually,  in 
terms  of  velocity  decibels  (Vdb)  defined  below.  It  Is 
becoming  more  standard,  however,  to  measure  vibra¬ 
tion  in  terms  of  acceleration,  because  according  to 
Newton's  second  law  (F-ma),  the  acceleration  is  pro¬ 
portional  to  the  force  that  the  vibratory  motion  trans¬ 
mits  to  the  substructure. 

The  values  of  acceleration  which  are  of  interest 
have  a  range  similar  to  the  sound  pressure  levels  de¬ 
scribed  previously.  Therefore  thu  basic  unit  of  the 
decibel  has  been  adapted  for  vibration  measurement. 
Since  power  is  proportional  to  the  square  of  acceler¬ 
ation  (ijl),  an  acceleration  measured  in  terms  of  deci¬ 
bels  is  20  times  the  logarithm  of  the  ratio  of  the  ac¬ 
celeration  to  a  reference  acceleration  which  has  been 
standardized  as  1/1000  centimeter  per  second3,  rms. 

The  term  used  to  describe  an  acceleration  expressed 
in  decibels  is  vibration  accelerationlevel.lt  is  cust¬ 
omary  to  state  these  levels  in  terms  of  "acceleration 
decibel s"  (adb)  to  avoid  confusion  with  Sound  Press¬ 
ure  levels.  Thus 

Vibration  acceleration  level  in  adb  — 

20  loq.0  measured  acceleration 
10“  3  cm/sec  7 

The  measured  acceleration  must  be  in  terms  of 
cm/sec i  r.m.s.  Vibration  measuring  instruments  ate 
usually  calibrated  to  read  directly  in  terms  of  accel¬ 


eration  decibels.  A  vibration  acceleration  level  can 
only  be  stated  for  motor  vibration  along  a  specified 
axis.  The  adb  readings  along  mutually  perpendicular 
axes  are  often  quite  dissimilar. 

It  is  worthwhile  to  notice  that  sound  pressure 
level,  sound  power  level,  and  vibration  acceleration 
levol  include  the  word  "level1'.  Whenever  "level" 
is  included  in  the  name  of  a  quantity,  it  can  be  ex’- 
pected  that  the  value  of  this  level  will  be  given  in 
decibels  and  that  a  reference  pressure,  acceleration, 
or  other  quantity  is  either  stated  or  implied. 

2.3  FREQUENCY  ANALYSIS 

Defining  the  level  of  the  sound  pressure  or  ac¬ 
celeration,  while  necessary,  is  not  sufficient.  The 
human  ear  reacts  quite  differently  to  sounds  having*, 
different  frequencies.  A  certain  sound  pressure  level 
may  be  perfectly  acceptable  at  one  frequency  and  un¬ 
bearable  atanother.'The  frequency  of  vibration  is  of 
greater  importance  in  this  study  because  of  the  at¬ 
tenuation  (or  amplifications)  characteristics  of  motor 
components  and  foundation  which  vary  considerably 
with  frequency.  Several  methods  are  used  to  indicate 
the  frequency  composition  of  motor  noise  and  vibration. 

1)  Weighting  Networks  (Airborne  Sound  only) 

2)  Octave  Band  Anaiysis 

3)  Narrow  Band  Analysis 

4)  C)n«-tbird  Qffteye  At?olyJt> 


2.3.1  Weighting  Networks 


Perhaps  the  best  known  method  of  frequency  an¬ 
alysis  is  the  use  of  the  weighting  networks  specified 
by  the  American  Standards  Association.  (5)  These  are 
applicable  only  forairborne  sound  and  are  an  approxi¬ 
mation  of  the  varying  apparent  loudness  that  the  hu¬ 
man  ear  attributes  to  sound  pressures  of  different  fre¬ 
quencies.  Figure  2-1  furnishos  typical  frequency  re¬ 
sponse  curves  of  weighting,  networks  that  meet  the 
limits  specified  in  the  ASA  Curves  A,  B,  and  C. 
Curves  A  and  B  are  the  40  and  70  db  equal  loudness 
contours,  respectively.  Readings  taken  with  an  ASA 
A  or  B  network  are  not  sound  pressure  levels  due  to 
the  weighting  and  are  termed  "sound  levels”.  As 
shown  in  figure 2-1,  theC  iturve  discriminates  against 
only  extremely  low  and  high  frequencies  and  is  flat 
between  20  and  35,000  cps.  This  flat  region  is  so 
extensive-  that  theC  Curve  is  not  really  weighted  and 
is  considered  to  give  an  overall  noise  level. 


FIGURE  2-1 
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measurement  is  used  tu  determine  the  tota-  ucoustical 
power  radiated  from  a  source. 

Since  the  range  of  acoustic  powers  that  are  of 
interest  is  about  one  billion  billion  to  one{10'3  :  1), 
the  decibel  is  used  to  specify  sound  power  levels. 
Two  reference  powers  are  currently  used:  lO-  '-'watts 
and  10“  1  !  watts.  Sound  power  level  referred  to  10“  13 
watts  is: 

)rw  in  db  re  10~  11  watts  =  10  log1(1!^el  >gtts) 

10-  i -watts 

Sound  power  levels  re  10“ 12  watts  are  10  «,h  lower 
than  equivalent  levels  re  10“  13  watts. 

Sound  power  levels  cannot  be  measured  directly 
but  are  determined  from  a  number  of  sound  pressure 
measurements  in  a  prescribed  environment  (3).  Sound 
power  levels  are  essentially  independent  of  the  en¬ 
vironmental  conditions  or  the  distance  from  the  source 
and  can  be  used  to  calculate  the  sound  pressure  level 
at  any  paint  in  the  noise  field  of  the  source  under 
varying  environmental  conditions. 

2.2.3  Vibration  Acceleration  Levels 

Motor  vibration,  like  any  oscillatory  motion,  may 
be  expressed  In  terms  of  displacement,  velocity  or 
acceleration.  The.  -displacement  or.  distance,  that  tha 
motor  moves  during  vibration  is  important  in  design¬ 
ing  the  foundation  or  substructure.  Rolonce  (or  un¬ 
balance)  is  usually  measured  in  terms  of  displace¬ 
ment  of  the  bear  ing  housing  hub.  Much  test  data  has 
been  taken  in  terms  of  velocity  or,  more  usually,  In 
terms  of  velocity  decibels  (Vdb)  defined  below.  It  is 
becoming  more  standard,  however,  to  measure  vibra¬ 
tion  in  terms  of  acceleration,  because  according  to 
Newton's  second  law  (F  =  ma),  the  acceleration  is  pro-  , 
portional  to  the  force  that  the  vibratory  motion  trans¬ 
mits  to  the  substructure. 

The  values  of  acceleration  which  are  of  interost 
have  a  range  similar  to  theltound  pressure  levels  de¬ 
scribed  previously.  Therefore  the  basic  unit  of  the 
decibel  has  been  adapted  for  vibration  measurement. 
Since  power  Is  proportional  to  the  square  of  acceler¬ 
ation  (4),  an  acceleration  measured  in  terms  of  deci¬ 
bels  is  20  times  the  logarithm  of  the  ratio  of  the  ac¬ 
celeration  to  a  reference  acceleration  which  has  been 
Standardized  as  1/1000  centimeter  pnr  second?,  rms. 
The  term  used  to  describe  an  acceleration  expressed 
in  decibels  is  vibration  acceleration  level.  It  is  cust¬ 
omary  to  state  these  levels  in  terms  of  "acceleration 
decibels’"  (adb)  to  avoid  confusion  with  Sound  Press¬ 
ure  levels.  Thus  -i 

Vibration  acceleration  level  in  adb  = 

00  loa..  measured  acceleration 

3 1 0 - r c: — - ; - x-r - 

10“  3  cm/sec  , 

.  The  measured  acceleration  must  be  in  terms  of  . 
cm/sec2  r.m.s.  Vibration  measuring  instruments  n;e 
usually  calibrated  to  read  directly  in  terms  of  au-tel- 


eration  decibels,  A  vibration  acceleration  level  can 
only  be  stated  for  motor  vibration  along  a  specified 
akis.  The  adb  readings  along  mutually  perpendicular 
axes  ore  often  quite  dissimilar. 

It  is  worthwhile  to  notice  that  sound  pressure 
level,  sound  power  level,  and  vibration  acceleration 
level  include  the  word  "level”.  Whenever  "level” 
is  included  in  the  name  of  a  quantity,  it  con  be  ex'- 
pucted  that  the  value  of  this  level  will  b'q  given  in 
decibels  and  that  a  reference  pressure,  acceleration, 
or  other  quantity  is  either  stated  or  implied. 

2.3  FREQUENCY  ANALYSIS 

Defining  the  level  of  the  sound  pressure  or  ac¬ 
celeration,  while  necessary,  is  not  sufficient.  The 
human  ear  reacts  quite  differently  to  sounds  having 
different  frequencies.  A  certain  sound  pressure  level 
may  be  perfectly  acceptable  at  one  frequency  and  un¬ 
bearable  at  another.  The  frequency  of  vibration  is  of 
greater  importance  in  this  study  because  of  the  at¬ 
tenuation  (or  amplifications)  characteristics  of  motor 
components  and  foundation  which  vary  considerably 
wi|h  frequency.  Several  methods  are  used  to  indicate 
the  frequency  composition  of  motor  noise  and  vibration. 

1)  Weighting  Ndrworks  (Airjjorne  Sound  only) 

2)  Octave  Band  Analytic 

3)  Narrow  Band  Analysis 

4)  Onr-lhird  Dcipve  Analysis 

2.3.1  Weighting  Networks 

Perhaps  the  best  known  method  of  frequency  an¬ 
alysis  is  the  use  of  the  weighting  networks  specified 
by  the  American  Standards  Association.  (5)  These  are 
applicable  only  for  airborne  sound  and  are  an  approxi¬ 
mation  of  the  varying  apparent  loudn'bss  that  the  hu¬ 
man  ear  attributes  to  sound  pressures  of  different  fre¬ 
quencies.  Figure  2-1  furnishes  typical  frequency  re¬ 
sponse  curves  of  weighting  networks  that  meet  the 
limits  specified  in  the  ASA  Curves  A,  B,  and  C. 
Curves  A  and  B  are  the  40,  and  70  db  equal  loudness 
contours,  respectively.  Readings  taken  with  an  ASA 
A  or  B  networlt  are  not  sound  pressure  levels  due  to 
the  weighting  l)nd  are  termed  "sound  levels”.  As 
shown  in  figure 2-1,  theC  Curve  discriminates  against 
only  extremely  low  and  high  frequencies  and  is  flat 
between  20  and  35,000  cps.  This  -fiat  region  is  so 
extensive  that  theC  Curve  is  not  really  weighted and 
is  considered  to  give  an  overall  noise  level. 


FIGURE  2-1 
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2.3.2  Octave  Band  Analysis  N 

Another  method  of  frequency  'analysis  divides 
the  frequency  spectrum  into  various  octave  bands. 

Ai  octave  is  the  frequency  band  between  any  two  fre¬ 
quencies  having  a  ratio  2:1.  There  are  two  sets  of 
standard  octave  bands  presently  used.  The  first  set, 
specified  in  American  Standard  Z24 .10—  1 953  (6),  are 
designated  by  their  limiting  frequencies.  These  stand¬ 
ard  octaves  are  75  -  150,  150  -  300,  300  -.600,  600 
-  1200,  1200  -  2400,  and  2400  -  4800  cps.  Two  other 
bands,  20  -  75  cps  and  4800  to  10,000  cps.  arp 
usually  included.  Octave  analysis  using  these  fre¬ 
quency  bands  prevails  at  the  present  time. 

American  Standard  SI. 6-1.1960  (7)  lists  new  pre¬ 
ferred  frequencies  for  acoustical  measurements.  In 
this  standard,  frequency  bands  are  listed  by  their 
center  or  geometric  meq/i  frequency,  i.e.  the  1000, 
2000,  and  4000  cps  octaves.  The  geometric  mean  fre¬ 
quency  is  the  square  root  of  the  product  of  the  upper 
and  lower  limiting  frequencies.  The  recommended 
octave  bands  and  their  limiting  frequencies  are  listed  -t" 
in  Table  2-2.  Octave  analysis  using  these  bands  is 
not  yet  common  since  most  measuring  apparatus  in 
use  wasdesignedto  meet  theprevious  standard, How¬ 
ever,  the  new  standard  provides  a  guide  to  future  de- 
»rfrt  ettd  dwrefrcrcftmr  of  noise  trrmrstrrtrrg  -oppiirorus . 

In  the  Future,  octave  analysis  using  the  bands  speci- 
frcxf  in  Tabic  2-2  wrtl  predominate. 


TABLE  2-2 

STANDARD  OCTAVE  BANDS 

American  Standard  SI. 6- 1960 


Lower  Frequency 

Band  Center 

Upper  Frequency 

It  .2 

16 

22.4 

22.4 

31,5 

44.7 

44.7 

63 

89.2 

89.2 

125 

178 

178 

-  250 

355 

355 

500 

709 

709 

1,000 

1,410 

1,410 

2,000 

2,820 

2,820 

4,000 

5,630 

5,630 

8,000 

11,200 

11,200 

16,000 

22,400 

Nota:  Higher  and  lower  preferred  frequencies  are  obtained 
by  successive  multiplication  and  division  by  1000. 


Octave  band  analysis  is  applicable  to  and  used 
for  both  airborne  and  structureborne  noise  testing. 
However,  induction  motors  often  have  sources  pro¬ 
ducing  more  thon  one  frequency  of  noise  within  a  par¬ 
ticular  octave.  This  fact  makes  the  identification  of 
the  source  and  thus  the  elimination  of  the  noise  diffi¬ 
cult.  For  such  complex  noise  generators,  such  as  a 
motor,  a  narrower  frequency  band  is  required. 

2.3.3  Narrow  Band  Analysis 

Various  analyzers  are  built  for  noise  analysis  of 


frequency  bands  considerably  smaller  thon  an  octave 
in  width.  These  may  have  either  a  constant  bond- 
width,  or  more  frequently  a  constant  percentage  band¬ 
width.  In  constant  percentage  bandwith  analysis, 
each  successive  frequency  band  is  larger  than  the 
preceding  band.  The  bands  have  a  width  which  is  a 
specified  percentage  (such-  as  5%  or  8%)  of  the  geo¬ 
metric  mean  frequency,  of  the  band.  Narrow  bond  an¬ 
alysis  permits  accurate  identification  of  the  motor 
noise  sources  but  the  large  number  of  bai  Hy 

make  any  automatic  recording  of  the  motoi  .  5  1 

as  a  spectrogram,  physically  long.,  The  i.inr 
analysis  of  test  results  are  quite  time  cons 
repetitive  tests.  ' 

2.3.4  One-Third  Octave  Analysis 

A  fourth  method  of  frequency  analysis,  Aiming 
into  prominence,  is  a  compromise  between  the  rapid- 
but  .inadequate  octave  band  analysis  and  the  time 
consuming  but  precise  narrow  band  analysis.  This 
method  divides  the  frequency  spectrum  into  one-third 
octave  bands.  A  one-third  octave  is  a  band  of  fre¬ 
quencies  in  whichthe  ratio  of  the  extreme  frequencies 
is  equal  to  the  cube  root  of  two.  Standard  bands, 
which  are  essenfjally  one-third  octaves,  have  been 
normalized  to  provide  for  repetition  of  fcandsty  mul¬ 
tiples  of  10.  Theyare  bands  having  the  characteristic 
^/fL  -  T0-. i. 

TABLE  2-3 

STANDARD  ONE-THIRD  OCTAVE  BANOS 
American  Standard  SI. 6-1960 


Lower 

Freq. 

Band 

Center 

Upper 

Freq. 

Lower 

Freq. 

Band 

Center 

Upper 

Freq. 

14.1 

16 

17.8 

563 

630 

709 

17.8 

20 

22.4 

709 

800 

892 

22.4 

25 

28.2 

892 

1,000 

1,120 

28.2 

31.5 

35.5 

.  1,120 

1,250 

1,410 

35.5 

40 

44.7 

1,410 

1,600 

1,78.0 

44.7 

50 

56.3 

1,780 

2,000 

2,240 

56-3 

63 

70.9 

2,240 

2,500 

2,820 

70.9/ 

"  80 

89.2 

2,820 

3,150 

3,550 

89.2 

100 

112 

3,550 

4,000 

4,470 

112 

125 

141 

4,470 

5,000 

5,630 

141 

160 

17B 

5,630 

6,300 

7,090 

178 

200 

224 

■7.090 

8,000 

e,920 

224 

250 

282 

8,920 

10,000 

11,200 

282 

3 1 5 

355 

11,200 

12,500 

14,100 

355 

400 

447 

14,100 

16,000 

17,800 

447 

506 

563 

Note:  Higher  and  lower  preferred  frequencies  are  obtained 
by  successive  multiplication  and  division  by  1000< 

One-third  octavos  are  designated  by  their  geo¬ 
metric  mean  frequencies:  a  63,  80,  or  100  cps  one- 
third  octave.  The  standard  values  for  geometric  mean 
frequencies  ore  those  numbers  whose  mantissae  of 
their  common  logarithms  are  multiples  of  0.1.  (7), 
Rounded-off  values  of  the  center  frequencies  and  the 
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limiting  frequencies  of  the  standard  one-third  octave  These  components  are  electrically  coupled  to 

bands  are  given  In  Table  2-3.  A  comparison  of  Tables  form  an  integrated  unit  which  automatically  records 

2-2  and  2-3  reveals  that  the  standard  one-third  oc-  the  noise  or  vibration  levels  for  the  standard  one- 

taves  correspond  to  the  new  standard  octaves  rather  third  octaves  on  preprinted,  frequency  calibrated  po- 

than  those  in  widespread  use.  The  band  width  of  a  per.  After  recording  the  frequency  speetrum  from]4>l* 

one-third  octave  is  23%  of  the  center  frequency,  a  to  35,5C0  cycles  per  second,  the  levels  measured  on 

fact  which  Is  useful  in  correlating  data  with  narrow  ■: ..  t)w  ASA  weighted  networks  A,  B,  and  C  are  recorded, 

band  analysis.  '  The  levels  for  tbp  AS)4,;A  and  B  networks  (an  approx- 

A  one-third  octave  I s  sufficiently  norroWjito  per-  <  ■  .  imijtion  to  the  hearing  response  of  the  human  ear) 

mit  ready  identification  of  the  sources  of  Induction  ;pi4,  although  automatically  recorded,  meanlnglesi 

motor  noise.  Most  sources  produce  noise  at  some  ...ofpr  vibration  measurements.  The  C  network  has. a  .flat 
multiple  of,  the  rotational  frequency.  Rarely  do  two  A?’" ^response  to  ell  frequencies  between  20  and;35,000 

prominent  sources  produce  noise  in  fhe  same  l/s  oc-  |  eps,  and  records  the  overall  level  for  both  alVborne 

tave.  The  rapidity  and  ease  of  measurement  more  than  and  structureborne  noise  measurements.  TftVbughout 

make  up  for  the  reduced  accut^cy  in  pinpointing  tho  ..  "this  report  the  term  "overall”  refers  to  Utfvels  re¬ 
exact  frequency  produced.  HoWever,  if  there  is  any  corded  on  the  C  Seale  as  shown  in  Figure  2-1. 

doubt  as  to  tfje  Source  of  the  noise  or  <^s  to  whether  ,7/  ..  The  vertical  scale  of  the  recording  paper  has  a 

there  Is  only  one  noise  source1,  a  narrow  band^naly-  gng'e  of  50  db.  Attenuators,  built  Into  the  analyzer, 

sis  should  be  taken.  *''','.'<ipormit  the  scale  to  be  positioned  wherever  desired, 


2.4  INSTRUMENTATION  AND  TEST  CONDITIONS 

In  this  study,  most  analyses  were  either  based 
upon,  or  verified  by  noise  measurements  on  motors. 
The  conclusions  are  dependent  upon  the  quality  of 
the  performed  tests.  Also,  a  knowledge  of  the  lnst||u- 
mentation  used,,  as  well,  as  certain,  test  conditions, 
are  prerequisite  to  correcf  inferprefailon  of  the  test 
data.  For  these  reasons,  a  brief  description  of  the 
instrumentation  used  In  this  study  is  presented  here. 

The  airborne  and  structureborne  noise  metering 
equipment  used  in  this  study  was  manufactured  by 
Bruel  and  K|aer,  Copenhagen,  Denmark,  The  majority 
of  the  tests  were  taken  with  a  iite-jhlrd  octave 
spectrometer.  A  block  diagram  of  the  equipment  used, 
for  one-third  octave  analysis  is  shown  in'^Flgure  2-2'. 
The  airborne  sound  measuring  equipment  consists  of 
a  calibrated  condenser  microphone,  a  one-third  oc¬ 
tave  analyser,  and  a  recorder.  An  accelerometer  and 
a  preamplifier  were  substituted  for  the  condenser 
microphone  for  structureborne  vibration  measurement. 
The  preamplifier  contains  an  integrating  network  per¬ 
mitting  spectrograms  of  the  vibration  to  be  taken 
either  In  terms  of  acceleration,  velocity,  cr  displace¬ 
ment. 


rim  ice  o.o 


AIRBORNE  ft  STRUCTUREBORNE 
NOISE  METERINQ  EQUIPMENT 
BRUEL  B  KJAER 
COPENHAGEN, DENMARK 


ffi.  e.7  10-60  db,  20-70- db.  etc.  Fair  airborne  noise 
measurehientl,  the  equipment  is  calibrated  to  read  in 
db  re  0.0002  dyne/sq  cm.  Vibration  acceleration  lev- 
els  are  measured  in  acceleration  decibels  (adb)  re 
.10  “  a  em/sec i;  vibration  velocity  levels  may  be 
measured  in  velocity  decibels. (vdb)  re\10-®  cm/sec. 
Displacement  measurements  (made  only  Ip  the  un¬ 
balance  study)  wsr»  nor  fak*n  With  rhlT  Sduip.iifinf. 

As  indicated  previously,  vibration  acceleration 
levels,  are,  only  meaningful  for  a  specified  axis.  Gn 
olmost  oil  fbsts,  readings  were  taken  on  three  mutu¬ 
ally  perpendicular  axes  on  the  motor  feet.  ThoX-Axis 
it  parallel  to  the  rotor  shaft;  the  Y-Axis  is  horizontal 
ond  perpendicular  tp  the  shaft;  the  Z-Axls  is  vertical. 
For  specific  tests,  other  axes  were  monitored.  Axes 
parallel  to  the  shaft  and  on  the  bearing  housing  (Hsg) 
and  bearing  housing  hub  (Hub)were  used  in  the  bear¬ 
ing  study.  Readings  on  vertical  axes  on  both  the 
frame  and  motor  core  were  taken  for  magnetic  noise 
studies  and  for  internal  isolation  tests.  These  axes 
are  shown  in  figure  2-3. 


*Test  data  token  prior  to  27  f  vember  1959  has  a  lower 
frequency  cutoff  of  35.5  cps. 
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Unless  otherwise  specified,  the  following  test 

conditions  were  maintained: 

1)  Motors  were  mounted  on  resilient  mounts 
which  have  a  vertical  resonant  frequency  of 
approximately  10  cycles  per  secor  I  under 
load  conditions.  At  60  cps  or  higher,  these 
isolators  were  attenuating  any  transmitted' 
vibration  a  minimum  of  20  dti. 

2)  In  Order  to  segregate  noise  sources,  totally  :t 
enclosed  motors  were  tested  without  external  > 
fans  and  fan  bowls  for  other  than  wiffdage 
noise  studies.  Dripproof  protected  motors 
were  usually  tested  with  rotors  cast  without 
rotor  fan  blades. 

3)  In  order  to  further  segregate  noise  sources 
(except  certain  bearing  teits),  preloaded 
bearings  meeting  the  anderon  l  imits  of  MIL'S 
1 7931  A,  Amendment.  2,  dated  16  September 
1959,  were  used  to  minimize  bearing  noise.  " 

4)  During  any  one  test,  extreme  care  was  taken 
to  assure  that  factors,  other  than  those  being 
investigated,  did  not  change.  For  ihstance, 
related. tests  were  taken  in  brief  time  sue* 
cession.  Often  the  initial  condition  was  re- 
tested  to  verify  that  the  test  conditions  hod 

- —  etteaged’.  However,  ne  etWfepE  wee-rhetfe 

to  maintain  conditions  between  different 
tests.  Therefore,  comparison  of  test  results 
furnlshe  .  >n  separate  tabulations  Is  not 
reeomnu . <-rf 

2.5  OEFIKITIONS 

The  following  definitions  are  summarised  here 

for  reference  purposes:  « 

1.  Airborne  noise:  Airborne  noise  li  undesired 

sound  In  air.  It  Is  characterized  by  fluctuations 
of  air  pressure  about  the  atmospheric  pressure 
as  a  mean.  ' .  J 

2.  Structureborne  noise:  Structureborne  noise  is  un¬ 
desired  vibration  in,  or  of  solid  bodies,  such  as 
machinery  or  ship, structures. 

3.  Decibel:  The  decibel  Is  a  dimensionless  unit  for 
expressing  the  ratio  of  two  values  of  power.  One. 
of  these  values  may  be  standard  of  reference. 
The  number  of  decibels  Is  equal  to  10  times  the 
logarithm  to  the  base  10  of  the  power  ratio,  i.  e., 

P 

Power  ratio  in  db  =  10  logl0  'pJ“ 

Under  commonly  accepted  conditions  quantities 
proportional  to  power  include  the  square  of  rms:  . 
values  o(  either  the  pressure,  velocity  or  accel¬ 
eration.  For  quantities  whose  square  is  propor¬ 
tional  to  power,  the  docibel  is  20  times  the  log¬ 
arithm  of  the  ratio. 

4.  Sound  pressure  level:  Sound  pressure  level  is  the 
r.m.s.  sound  pressure  expressed  in  decibels  rel¬ 
ative  to  a  standard  reference  pressure  of  0.0002 


dyne  per  square  centimeter.  (NOTE  -  1  dyne  per 
square  centimeter  is  equal  to  1  microbar.)  Thus: 


20  log  measured  pressure  (dynes/cm  1  r.m.s.) 
0.0002  dynes/cm  - 

Sound  power  level:  Sound  level  is  the  sound 
/  power  emitted  by  a  source  expressed  in  decibels 
relative  to  a  standard  reference  power  of '  1 0“ 1 3 
wafts.  Thus: 

l~i«*  =  io  .  * 

It  Is  a  quantity  that  may  be  calculated  from  sound 
pressure  level  measurements  In  a  knq^.n  acoustic 
envii'bnmenf.'’  „  ' 

Vibration  acceleration  /level:  Vibratidn  accej^M- 
tion  ievei  'is  the  r.m.s.  vibration  acceleration  of 
a  pody  along  a  specified  axis,  expressed  in  deei-. 
be  I  s  relative  toira  standard  reference  acceleration 
of  10-3cm/secs.  Thus:  Vibration  acceleration 
level  In 


an  ion  measured  acceJerati 
in- a  ci 


itJon  (cn>y«nc 
cm/eec  2 


Vibration  velocity  level:  Vibration  velocity  level 
it  the  r.m.s.  vibration  velocity  of  a  body  along  o 
specified  axis, expressed  in  decibels  relative  to 
a  standard  reference  velocity  of  10" 4  cm/sec. 
Thus:  Vibration  velocity  level  In 


vdb  =  20  logl 


measured  velocity  (cm/»ec  r.m. s.) 


Vibration  acceleration  level  in  adb  may  be  con¬ 
verted  to  velocity  level  in  vdb  at  any  given  fre¬ 
quency  by  the  equation: 

"■  ). 

vdb  =  (adb  +  44)  -  20  f 

where  f  =  frequency  In  cycles  per  second,  or  by 
'•  the  use  of  Figure  2-4. 

.  Octave  band:  An  octave  band  is  a  band  of  fre¬ 
quencies  covering  o  range  of  2  to  1,  i.o.  (_= 
2  where  f^ond  fi  are  the  nominal  cutoff  frequen¬ 
cies  of  the  band? 

.  One-third  eefovo  band:  A  one-third  octave  band 
is  a  band  of  frequencies  in  which  the  ratio  of  the 
extreme  frequencies  is  equal  to  the  cube  root  of 
two,  i.e.  f|q/<|_=  3\fT  =  1.2599  where  f^and  f. 
are  the  nominal  cutoff  frequencies  of  the  banal 
NOTE:  ASA  standard  1/3  octave  bands  provide 
for  repetition  of  bands  by  multiples  of  10.  They 
are  therefore  bands  having  the  characteristic  fu 
/<l_  “  10  0,1  =1 .2589which  for  all  practical  pur¬ 
poses  are  1/3  octaves. 
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Velocity  Level,  v<Jb  re  10  •-  cm  per  aec 


10.  Narrow  bond:  A  narrow  band  is  a  band  whose 
width  is  less  than  onfAthird  octave  but  not  less 
than  one  percent  of  t$e  center  frequency. 


11.  Band  center:  Band  center  refers  to  the  geometric 
mean  between  the  extreme  frequencies  of  the 
band,  i.e;  fc  =  Jf)-|f L‘ 


FIGURE  2-  A 

CONVERSION  CHA^T  vdb  to  odb 
on*  third  octavo  bond  l*yol* 


is 
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SECTION  3 

MAGNETIC  NOISE 


3.1  INTRODUCTION 

Magnetic  noise  of  induction  motors  has  two  po¬ 
tential  sources:.  1)  the  radial  force  waves  created  by 
the  air  gap  flux  density  and  2)  the  magnetostrlctive 
expansion  of  the  core  steel.  Whereas  the  force  waves 
are  Imposed  on  the  air-iron  surface  of  the  air  gap,  the 
magnetostrictive  expansion  is  an  Internally  generated 
variation  i  n  dimension.  Magnate  noise  may  be  cate¬ 
gorized  by  the  frequency  produced:  l)Twice  line  fre¬ 
quency  and  2)  Rotor  slot  frequency  noise.  Both  po¬ 
tential  sources  of  magnetic  noise  produce  twice  line 
frequency  noise(120cycle  noise  for60cyele  motors). 
Hdwever,  it  will  be  shown  that,  for  two  pole  motors 
Wjnere  120  cycle,  noise  Is  a  problem,  the  120  cycle 
magnetostrlctive  noise  Is  small  compared  to  that  pro¬ 
duced  by  the  radial  force  waves.  The  high  frequency 
magnetostrlctive  effectwlllbeshowntobe  negligible. 

An  Investigation  of  the  effect  of  the  rotor  and  stator 
slot  harmonics  of  the  air  gap  flux  density  reveals  that 
the  radial  force  waves  produce  three  frequencies  ap¬ 
proximately  equal  to  and  three  approximately 

equal  to  B.  These  are  termed  the  primary  and  see-. 
ondary-rotor-4lot-freq.veft«-iesi  -  — 

After  discussing  the  source  of  magnetic  ncise, 
a  treatment  of  the  effect  of  the  following  footors-ory 
magnetic  noise  is  presented. 

1)  Air  Gap  Flux  Density 

2)  Rotor-Stator  Slot  Combination 

3)  Rotor  and  Stator  Geometry 

4)  Stator  Coil  Pitch 

5)  Skew  of  Rotor  Bars 

6)  Grain  Orientation  of  Core  Steel 

7)  Annealing  of  Core  Steel 

The  methods  of  reducing  magnetic  noise  Indicated  by 
these  studies  are  summarized  in  the  conclusion  of 
this  section. 

j| 

3.2  FUNDAMENTAL  FLUX  AND  FLUX  FORCE 
WAVES  jf 

In  three  phase  60  cycle  Induction  motors,  each., 
phase  winding  generates  a  stationary  60  cycle  pul  sat¬ 
ing  magnetomotive  force  wave  (mmf).  The  three  wind¬ 
ings  are  dispiaced  by  120eiectrica!  degrees  in  space 
from  each  other.  When  the  windings  are  excited  by 
balanced  three-phase  currents,  the  generated  mmf’s 
will  be  120°  phase  displaced  in  time.  Assuming  sym¬ 
metrical  magnetic  circuits,  the  mmf's  will  produce 
stationary  pulsating  magnetic  fields  of  equal  magnl? 
tude.  Because  the  three  stationary  fieldfare  both  time 
and  space  dependent,  .each  may  be  resolved  into  two 
oppositely  relating  component  fieldshaving  a  magni¬ 
tude  one-half  that  of  the/tationary  fields.  The  result¬ 
ant  field  at  any  point  Is  the  sum  of  the  three  station¬ 
ary  fields  and,  therefore,  of  the  six  rotating  compon¬ 


ents.  The  three  component  waves  rototing  in  one  di¬ 
rection  are  displaced  in  phase  by  120°  and  therefore 
add  vectorially  to  zero;  the  three  component  waves 
rotating  in  the  apposite  direction  are  In  phase  and 
add  algebraically.  Thus,  the  three  stationary  wind¬ 
ings  combine  to  create  a  rotating  magnetic  field  whose 
magnitude  is  3/2  that  of  each  stationary  field.  (8)* 
This  field  rotates  360electrical  degrees  In  space 
during  one  period  of  the  Input  frequency  (60  eps). 
The  angular  velocity  of  the  wove  is’ti>  =  2nf  =  120n 
electrical  radians  per  second.  Since  nP  electrical 
radians  corresponds  to  one  revolution,  the  rotational 
speed  of  the  wave  Is  120/P  revolutions  per  second  or 
720Q/I^(  rpm,  where  P  "  the  numbor  of  poles.  This 
speed  Is  called  the  synchronoi...  speed.  The  synchron¬ 
ous  speed  of  two-poie  motors  is  60  rps  or  3600  rpm; 
that  of  four-pole  motors  It  30  rps,  etc.  The  lower  ro¬ 
tational  frequency  of  motors  with  more  than  2  poles 
It  exactly  compensated  by  the  increase  In  number  of 
cycles  of  flux  around  the  air  gap  periphery.  Thus  the 
fundamental  air  gap  flux  of  induction  motors  has  a 
60  cycle  per  second  variation  regardless  of  the  num¬ 
ber  of  poles/Pilt  con  also  be  seen  from  the fqci  that, 
fhs  sratrcssry  fr«fe  wRrcfTaif«fTb  Torm  the  rotating 
wave  have  60  cycle  variation, 


Figure  3-1  shows  one  cycle  (two  poles)  of  the 
revolving  flux  density  wave.  In  the  air  gap  of  an  In¬ 
duction  motor  developed  Jong  e  straight  line.  This 
maybe  considered  at  the  entire  air  gap  of  o  two-pole 
motor,  or  one-half  the  developedalr  gap  of  a  four-pole 
motor,  etc.  The  flux  density  as  a  function  of  time  Is 
given  by  the  expression: 

|i 

B  =  B  sin  ait  3.1 

g  gm 

=  B _ sin  2  n ft 

gm 

*Numbers  in  parentheses  refer  to  references  listed  In 
the  Bibliography. 
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where  B  flux  density  at  any  point;  in  lines 
/sq.  in. 

Bgm  =  maximum  flux  density  in  lines/ 
sq.  in. 

“  =  angular  velocity  in  radians/sec. 

f  =  input  frequency  =  60  cycles/sec. 

The  magneticflux  exerts  a  radial  pull  across  the 
air  gap  which  is  proportional  to  the  square  of  the  flux 
density.  The  force  intensity  (pressure)  at  any  point 
expressed  in  MKS  rationalized  units  (n0  =  4nX.10“^ 


p.  =  B  72  m 

i  g  o 

in  terms  of  English  units. 


1.388  x  10-  8B  2 
9 . 


where  Pj  =  force  intensity  in  pounds/sq.  in. 

B_  =  flux  density  In  llnes/sq.  In, 

7 

[{Substituting  the  expression  for  ^  (Equation  3.1)  into 
equation  3.3  gives 

p,  -  1.388  x  10-°  B  2sin2  cut 
I  gm 

Since  sin2  <ut  -  1/2  (1  —  cos  2wt) 

■  P,  =  6.94  x  10“  9  2 

-6.94x10“’  BgmJcos2.t  3J 

Jhe  first  term  of  equation  3.4  Is  the  average 
forde  inteni(ity  shown  In  figure  3-1,  which  remains 
constant  and\auses  onlya  statin  compression  of  the 
stator  core.  The  second  term  Is  a  sinusoidally  vary¬ 
ing  component  ofvtwlee  input  frequency  or  120  cps. 
Only  the  periodically  varying  component  will  produce 
noise  and  vibration.  The  single  amplitude  of  the  force 
intensity  is 


=  6.94  x  10- 


•  9B  2 

gm 


As  the  above  derivation  indicates,  it  is  the  flux  den¬ 
sity  and  force  intensity  waves  that  are  interrelated. 
However,  these  are  usually  termed  flux  and  force 
waves  respectively. 

It  should  be  noted  that  this  120cyeie  force  wave 
has  four  zero  points  per  cycle  of  the  revolving  flux 
wave.  If  the  stator  core  is  also  developed  into  a 
straight  line,  the  core  will  deflect  into  a  shape  similar 
to  the  force  wave  with  points  of  zero  deflection, 
(nodes),  at  each  zero  point  of  the  force  wave.  The 
number  of  nodes,  m,  of  stator  core  defloction  is  al¬ 
ways  equal  to  the  number  of  force  poles  or,  twice  the 
number  of  flux  poles,  2  P. 


The  number  of  nodes  of  vibration  is  of  paramount 
importance  as  the  deflection  will  be  shown  to  be  In¬ 
versely  proportional  to  the  fourth  power  of  m  for  a 
Sjgiven  flux  density.  This  is  best  illustrated  by  once 
again  considering  the  stator  lamination  ring  developed 
into  a  straight  line.  Under  this  Idealized  condition, 
the  deflection  may  be  calculated  by  considering  the 
core  as  a  beam  freely  supported  at  each  node.  The 
single  amplitude  deflection  for  such  a  beam  under  a 
sinusoidajly  distributed  load  is  given  by  the  expres- 
sion.  ^  _  W^3 

-  2  n 3  E 1  0)  3.6 

where  d  -  maximum  deflection  in  inches 

W  =  total  load  In  pounds 
fi  L  =  distance  between  nodes  in  inches 

E  =  modulus  of  elasticity  in  #/ in8 
(3  x  10 7  for  steel) 

I  =  bending  moment  of  Inertld  In  Inches'1. 

In  terms  of  the  stator  geometry 

L  =  JlILs.  |  ^  JlLkfl 

m  12 

whe(fe  Ds  =  mean  diameter  of  the  stator  core  in 
inches 

m  =  number  of  nodes 

_ h.  *  ttriM  -ctejath.  -af  thft  stator  cate  In. 

inches 

=  axial  length  at  air  gap  in  inches 
Substituting  these  expressions  in  equation  3.6 

d  =  2WJV..  x  |0 -’Inches  3.7  , 

m3  h3  L  •? 

9 

Equation  3.7  reveals  that  the  dof lection  of  the 
stator  core  is  inversely  proportional  to  this  third  pow¬ 
er  of  the  number  of  nodes  for  a  given  load  W.  The 
total  load  however  Is  inversely  proportional  to  m  for 
a  given  maximum  flux  density.  The  load  may  be  cal¬ 
culated  by  taking  the  average  value  of  the  force  wave 
over  the  area  of  the  foree'pole 

_  2  2  n  Rq  La 

n  ■'  m 


where  Rg  =  radius  of  the  air  gap  In  inches 

Substituting  the  expression  for  p,  given  by  equation 
3.5,  results  in  the  total  load  being 


2.776  Bgm7Rg  4, 


-pounds 


Combining  equations  3.7  and  3,8  results  in  the 
express  ion  for  the  deflection  in  terms  of  a  given  maxi¬ 
mum  flux  dens  ity 
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5.55  B  3  R  D  3x  10“  ls 

d  =  _ £12 _ -2  5 _  inches 

m  4  h  3 


3.9 


As  stated  above,  this  formula  has  been  derived 
far  the  idealized  conditiort  of  the  stator  core  ring  de- 
veloped  into  a  straight  line.  The  derivation  of  the 
actual  formulas  for  varying  number  of  nodes,;  m,  re- 
veals  that  equation  3,9  is  sufficiently  accurate  for 
cases  where  m  is  equal  to  or  greater  than  12  (funda¬ 
mental  force  wave  for  a  6  pole  motor).  As  the  num¬ 
ber  of  nodes  increases,  the  core  segment  under  study 
has  less  and  less  curvature.  The  number  of  nodes  in 
'quastiorj  is  always  a  multiple  of  four,  since  there  are 
fbuf  force  godes  per  flux  pole  pair.  The  value  of  de¬ 
flection  indicated  by  equation  3.9  must  be  multiplied 
by  1,788  for  4  node  ond  1.138  for  8  nodeforce  watllss. 
(10) 

Thusthe  single  amplitude  deflection  afthe  stator 
core  in  terms  of  the  maximum  Jlux  density  for  4,  8, 12 
or  more  node  foie#  waves  are 

..  y  »  u  3 

4  nodes  "  4=  9.92  .%Plfo.Dg-.  x  10"  15  3. 10a. 

<j  m ;  n 

8  nodes  d\=  6.32  BulISlBL-x  10“  15  3.10b 
m  h 

•ttmte  *-&$$■  X-  KT r.m' 

or  more  tn  4  h 


The  effect  of  the  variables  in  equation  3.10  will 
be  discussed  later  in  the  treatment  of  methods  of  re¬ 
ducing  magnetic  noise.  However,  the  effect  of  the 
number  of  nodes  may  be  used  to  simplify  ensuing 
derivations.  Equation  3.10  shows  that  the  deflection 
Is  inversely  proportional  to  the  fourth  power  of  the 
number  of  nodes  for  a  given  flux  density  while  equa¬ 
tion  3.7  reveals  an  Inverse  third  power  relationship 
for  a  given  radial  force.  Thus,  in  determining  the  ef- 
feetof  complex  stator  core  vibration,  it  is  often  poss¬ 
ible  to  ignore  all  frequencies  except  those  with  the 
lowest  number  of  nodes.  The  rapid  increase  in  de¬ 
flection  with  a  decrease  in  the  number  of  nodes  is 
also  the  reason  that  a  two  pole  motor  has  higher  120 
cyele  noise. 

3.3  MAGNETOSTRICTION 

w 

Magnetostriction  is  the  effect  that  certain  ma¬ 
terials,  such  as  steel,  have  df  expanding  very  slightly 
along  the  axis  of  magnetization  when  magnetic  flux 
pass  through  them.  The  steel  stator  core  expands 
equally  for  flux  in  a  positive  or  negative  direction 
and  thus  expands  and  contracts  (cycles)  twice  for 
each  cycle  of  flux  passing  through  it,  i.e.,  120  cps 
for  60  cycle  motors.  Since  the  frequency  of  magneto¬ 
striction-caused  noise  is  the  same  as  that  produced 
by  the  flux  farce  waves,  magnetostriction  must  be 
considered  a  potential  source  of  120  cycle  noise. 
However,  the  magnetostricti  ve  deflection  of  the  stator 


core  of  induction  motors  will  be  shown  to  bo  both  in 
dhase  opposition  and  small  compared  to  that  produced 
by  the  flux  force  waves. 

To  illustrate  the  relative  effect  of  magnetostric¬ 
tion  it  is  necessary  to  compare  the  radial  deflection 
produced  by  the  magnetostrictive  effect  with  that 
caused  by  the  flux  force  waves.  The  mechanical 
Stresses  in  the  steel  resulting  from  the  surface  im¬ 
posed  flux  force  waves  is  known  to  affect  the  mag¬ 
nitude  of  the  magnetostrictive  strain.  The  effect  is 
slight,  however,  and  in  this  analysis  the  two  deflec¬ 
tions  are  considered  to  be  independent,  i.e.,  that  the 
deflections  may  4e  calculated  separately  and  then 
superimposed  to  obtain  the  total  deflection. 

The  magnetostrictive  expansion  of  the  stator 
occurs  both  in  the  teeth  and  jn  the  core.  As  the  teeth 
are  free  to  move  at  the  air  gap  end,  they  will  riot  exert 
any  force  on  the  stator  core.  The  magnetostrictive 
expansion  ofthe  stator  teeth  does  shorten  the  air  gap 
slightly  at  the  magnetic  poles,  but  since  the  tooth 
flux  density  rotates  with  the  airgap  flux  density,  this 
change  in  air  gap  length  doei'  not  affect  the  radial 
force  wave  deflections.  Tho  vibration  of  the  stator 
teeth  can  produce  airborne  noise  but  this  is  generally 
small  compared  to  that  produced  by  the  deflection  of 
the  stator  cere  periphery.  Therefore,  in  the  following 
analysis  only  fee ‘Tfotor  core 'magnetostrictive  effect 
Is  considered. 

The  magnetostrictive^  strain  or  elongation  per 
unit  length  is  a  function  both  of  the  type  of  steel  and 
of  the  flux  density  through  the  steel.  A  curve  of  the 
magnetostrictive  strain  vs.  flux  density  for  the  non- 
oriented  silicon  steel  normally  used  In  induction  mo¬ 
tors  was  not  available.  A  literature  search  and  con¬ 
sultations  with  four  principal  steel  companies  re¬ 
vealed  thbt  although  much  data  has  been  taken  on 
transformer  grade  (oriented)  steels,  no  information 
directly  applicable  to  motor  grade  steel  was  avail¬ 
able.  However,  It  was  determined  that  for  silicon 
steels,  the  magnetostrictive  strain  Js  very  closely 
proportional  to  the  square  of  the  flux  density. 

With  reasonable  accuracy,  it  Is  assumed  that 

e  =  K  B  3  3.11 

,  t  c 

where  ej  -  the  magnetostrictive  strain  in  the  di¬ 
rection  of  fluxflow (tangential  to  core 
periphery) 

Bc=  core  flux  density  at  point  under  con¬ 
sideration 

K  =  constant  of  proportionality  (a  func¬ 
tion  of  the  type  of  steel) 

It  has  been  observedthat  the  volume  of  the  steel 
experiences  only  very  minute  changes  when  the  body 
Is  magnetized.  Because  of  the  essentially  constant 
volume,  Poisson's  rotio  approaches  the  maximum  val¬ 
ue  of  one-half.  (11)  Therefore,  the  transverse  strains 
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3.14b 


In  the  axial  and  radial  directions  are  approximately 
one-half  that  In  the  tangential  direction.  It  should  be 
noted  that  the  transverse  strains  represent  a  shrink? 
age  rather  than  an  elongation  for  positive  magneto-' 
strlctlve  strains.  Considering  elongation  as  positive, 
the  radial  strain  is 

=  —1/2  K  Be*  -  3.12 

The  following  derivation  of  the  deflection  of  the 
stator. core  due  to  mag netost?!,ct.lon  has, been  accomp¬ 
lished  for  a-two-pole  motor  for  two  reasons: 

1)  Electrical  and  mechanical  degrees  are  numer- 

•  i  cal  I  y  equal,  which  simplifies  the  derivation. 

2)  Tests  reveal  that  120  cycle  noise  Is  particu¬ 
larly  predominant  In  two-pole  motors. 

Figure  3-2  shows  one-half  of  a  stator  care  of  a  two- 
pole  motor  represented  as  a  thin  ring  of  radius,  R. 
The  radial  deflection  will  be  calculated  for  the  in¬ 
stant  when  the  fundamental  flux  wave  has  a  pole 
center  coincident  with  the  vertlcle  axis.  The  angle, 
a,  Is  measured  clockwise  from  the  axis. 

FIGURE  3-2 


The  stator  core  flux  density,  Bq,  Is  considered  " 
to  have  a  sinusoidal  distribution.  The  maximum  core 
density,  Bem,  occurs  midway  between  pole  centers 
or  at  the  horizontal  or  x  axis  In  Figure  3-2.  The  core 
density  at  any  point  p  is  given  by  the  expression 

B  *  B  sin  a  3.13 

c  i  cm 

The  tangential  and  radial  magnetostrlctive  strains 
are  thus 

^- =  K  Bem!  sin2a  3.14a 


The  elongation  of  a  differential  element  of  core 
circumference,  Rda,  due  to  the  tangential  strain  Is 

A.(Rda)  =  e  R  da  3.15 

/ . 

Combining  equations  3.14a  and  3.15  gives 


a(R  da)  =  R  K  Bcm*  sln*adia  3.16 
„  a(R  da)  =  elongation  of  element  R  da 

R  -  outer  radius  of  core  In  inches 

B  =  maximum  core  fluxdensity  in  lines/ 
cm 

sq.  In. 

a  =  angle  measured  clockwise  from  air 
gap  pole  center. 

The  horizontal  and  vertical  component; „  (ire  respec¬ 
tively  - 


A(dx)  =  R  K  Bcm!  sin  2.a  cos  a  d  a 
A(dy)  =  R  K  Bein2  sing  l'd  a 


sin  2  a  cos  a  =  1/4  (cos  a  -  COS  3a) 
and  sin  3  a -  =  1/4  (3  sin  a  -  sin  3  a) 

There  fore 

o(dx)  =  1/4  R  K  B I  4  (cos  a  -cos  3a)  dd 
\  3.17 

io(dy)  =-l/4R  K  B  2  (3  sin  a  -  sin  3  a))da 
C,n  flB 


From  considerations  of  symmetry,  It  maybd  seen 
that  points  on  tho  core  coincident  with  the  horizontal 
and  vertical  axes  of  figure  3-2/,wlll  only  hove  racial 
displacements.  Therefore,  the  jjotal  horizontal  com¬ 
ponent  of  displacement  at  any  point  p  Is  the  summa- 1 
tlon  of  the  Infinitesimal  displacements  from  a  ?  0* 
(point  of  zero  horizontal  displacement)  to  a  (point  p). 
Thus, 

r»  A(dx)=Ax= 

h  "  1/4  R  K  J  («*  11  -  co*  3a)  d  ® 

1/4  R  K  Bem2  [sin  a  -  1/3  sin  3aJ^ 


Since  sin  (0)  =  0, 

x  =  1/4  R  K  Bem2  (sin  a  -.1/3  sin  3  a) 

3.19 


Similarly  the  vertical  component  of  displacement  at 
point  p  Is  the  summation  of  the  infinitesimal  vertical 
displacements  from  2  to  a. 
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:l 


\\ 


/ o(dy)  =  Ay  = 

-1/4  RKB 
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2  mi (3  sin  a  -  sin  3a)  da 

"  2 


Tha  single  amplitude  of  the  magnetPstrictive  deflec¬ 
tion  is  therefore 


n 
2 


dm  =  1/2  (R/3  >  h/4)  KBj 


Since  co*  ( |  j  and  cos  ( ^  )  =  0, 


Ay: 


1/4  R  K  B  * 

cm 


(3  cos  a  -  1/3  cos  3  a.) 


The  vector  sum  of  a#  and  Ay  It  the  radial  dis¬ 
placement  aR.,  due  to  tangential  magnetostriction 

"*  l, 

aR.n-  ax  sin  a  +  Ay  cos  a 

=  1/4  R  K  Bcm{  (sin  a  -  1/3  tin  3a) 

(sin  a) 

+  1/4  R  K  B*  (3cot  a  - 1/3  cot  3a) 
em  , 

(cot,  a) 

.  Using  trigonometric  Identities  and  simplifying  results 
in  the  expression 

ARt  =  1/2  RKBcm2  (1  +  1/3  cot  2a)  3.21 
The  elongation  of  a  radial  element  of  height,  h, 


JJL— 


Ah^-h.e, 


The  radial  deflection,  ARf,  varies  between  ono-holf 
the  height  elongation  for  a  thin  straight  section  to 
the  maximum  of  the  entire  elongation  for  a  solid  cy¬ 
linder.  The  radial  daflectlon  of  a  stator  corejs  very 
nearly  that  of  the  minimum  limiting  condition  and  may 
ba  approximated  as 

ARr=1/2her  3.22 

Substituting  aquation  3.14  into  equation  3.22  result* 
In  ihe  expression  for  the  radial  deflect ibh 

aR,  =— 1/4  KhBem8  sinJa 
:?  /  =  -1/8  K  h  Bcm2  (1  -  cos  2a)  3.23 

The  total  deflection  due  to  magnetostriction, 
aR,  Is  the  sum  of  the  rodiol  and  tangential  deflection 
(Equations  3.21  and  3.23). 


aR  -  aRj  +  Rf 

=  1/2  K 


3.24 

![r  -  h/4) 

+  (R/3  +  h/4)  cos  2a  J 


The  first  term  of  equation  3.24  represents  a  static 
expansion  of  the  core  and  doe*  not  contribute  to  motor 
noise  or  vibration.  The  second  term  represents  a  rad¬ 
ial  motion  varying  at  twice  the  angle  a  for  a  particular 
Instant  of  time  or  a  radial  motion  at  twice  the  angular 
frequency  o>t  for  a  given  point  on  the  core  periphery. 


3.25, 


3.4  COMPARISON  OF  FORCE  WA Vi  AND 
MACNETOSTRICTIVE  DEFLECTIONS 

The  phase  dispiacemen^of  the  radial  force  wave 
and  ntagnetostrictlve  deflections  of  a  two  pole  stator 
core  are  illustrated  by  Figurl)  3-3. The  core  Is  shown 
Kf-'-the  instant  that  the  air  gap  magnetic  pole  centers 
^coincide  with  tlhe  vertical  axis.  The  air  gqp  flux  den¬ 
sity  Is  maximijjri  along  the  vertical  axis  and  zero  at 
,  the  h6rizontaIcaxls.-,The  stator  core  deflects  inward 
at  the  magnetic  poles  and  deflects  outward  between 
the  poles  due  to  the  radial  force  waves.  The  maximum 
stator  core  flux  density  occurs  midway  between  the 
poles  of  air  gap  flux  wave  or  at  the  horizontal  axis. 
An  examination  of  equation  3.24  and  Figure  3-3  Indi¬ 
cates  that  the  magnetostrictlve  effect  will  cause  the 
stator  core  to  deflect  outward  at  the  vertical  axis  and 
Inward  at  the  horizontal  axis.  The  cos  2a  term  equals 
+  1  for  a  =  o  and  -  1  for  a  =  j.  The  radial  force  wave 
and  the  magnetostrictive  deflections  are  Identical  in 
form  but  opposite  in  direction.  The  total  core  ddfloc- 


ftetr  re  th»  difference  bstwesn  the  niaximu.,1  deflec¬ 
tions  due  to  the  two  causes. (Equations 3. lOand 3.25). 

FIGURE  3-3 

Induction  Motor  Stator  Deflection 
Two  Pole  Motor 


The  relative  magnitudes  of  the  two  120  cycle 
deflections  are  dependent  upon  several  factors.  The 
most  important  ore:  ,j . 

1)  The  number  of  poles 

2)  The  core  and  air  gap  flux  densities 

3)  Type  of  steel 

4)  The  stator  geometry 
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Due  to  the  multitude  of  factors  the.  magnitudes 
of  the  deflection  may  only  be  calculated  for  a  sped* 
fie  motor  design.  A  5  HP,  2  Pole,  184  frame  drlpproof 
protected  motor  has  been  chosen  for  Illustrative 
purposes. 

The  radial  force  wave  deflection  for  a  two  pole 
(4  node)  motor  given-by  equation  3.10a  is  repeated 
here  for  convenience. 

*  '  df  =  9.92  foufr0*,!.  x  10-  18  Inches 

‘  m*  h3  3.26 

The  values  of  the  parameters  In  equation  3.26 for  this 
^design  are: 

Bgm  =  40,000  Jines/sq.  In.  Rg  =  2  Inches 
Ds  =  6.58  Inches  m  =  4  numeric 

h  =  0.883  inches 

Substituting  these  values  into  equation  3.26  reveals 
the  deflection  due  to  radial  force  waves'to  be  51.3 
microinches. 

The  deflection  of  a  two  pole  stator  core  due  to 
magnetostriction  fs  given  by  equation  3.25. 

_ d..  M/2(R/3  +  h/4)  KB.J 

<3.25  repeated) 

The  values  af  the  parameters  arfi 

R  =  3,73  In,  h  =  0.883  in. 

'  Bcni  *  90,000  lines/sq.  In. 

FIGURE  3-4 

ASSUMED  MAGNETOSTRICTIVE  STRAIN 
VS.  FLUX  DENSITY 


Silicon  Shift  Steel 


IgA  MAXIMUM  FLUX  OCNilTY  In  WU- HHt'sqwws  Msh 


Determining  the  value  of  the  constant  K  requires  in¬ 
formation  about  the  magnetostrietive  strain  vs.  flux 
density  characteristics  of  the  non-orlented  stator  core 
steel.  As  previously  mentioned,  this  Information  was 
not  available.  Figure  3-4  is  representative  of  the 
maximum  magnetostrietive  strains  exhibited  bysilicon 
steels  as  "determined  from  □  survey  of  the  literature. 
The  value  of  K  obtained  from  this  curve  is  7.2  x  10“  16. 
Evaluating  equation  3.25  for  these  values  indicates 
the  magnetostrietive  deflection  to  be4.27  microinches, v 

Due  to  the  180°  phase  displacement,  the  total  120 
cycle  deflection  it  the  radial  .'  -ce  wave  deflection 
minus  the  magnetostrietive  deflei.ion.  For  the  above 
examples  the  total  deflection  Is  47.0  microinches. 
The  magnetostrietive  deflection  is  8.3%,  or  one-twelfth 
the  magnitude  of  the  force  wave  deflection.  This  cor¬ 
responds  to  o  0.75  db  decrease  in  stator  core  dis¬ 
placement,  velocity,  or  acceleration  levels  depending 
upon  the  units  employed.  . 

While  the  relative  effect  of  magnetostriction  will 
vary  with  eoch  Individual  motor  d.eslgn,  a  general 
Idea  of  the  variation  due  to  motor  site  may  be  ob¬ 
tained  by  investigating  the  factors  relating  to  stator 
geometry.  Equation  3.25  reveals  that  the  magneto- 
strictly#  effect  is  linearly  proportional  to  the  -term 

_ (R/3  frtdicort*:  tbat  -th»  4fc»«* 

wave  deflection  is  proportional  to  (D.  3Rfl/h3)  for  a 
given  number  of  nodes,  Uting  Alljs-Choltmrrs  MEMA 
two-pole  designs  a*  a  guide,  the  ratio  of  the  above 
faetorswas  calculated  for  the  frame  sizes  182  through 
405.  In  all  cases  the  ratios  were  Identical  for  frame 
si  set  within  a  frame  series  of  a  given  diameter. 

If  these  ratios  are  referred  to  the  180  series  as 
a  base,  a  frame  series  factor,  Fjg ,  may  be  obtained. 

p  _  ratio  for  frame  series 
f*  ratio  for  180  frame  series 

This  factor  may  be  used  to  project  the  previous  184 
frame,  5  HP  calculation  up  through  100  HP.  Table 
3-1  furnishes  the  frame  ter  led  factors  and  the  pro¬ 
jected  relative  ntagnetostrlctlve  effect  as  a  function 
of  frames  series.  The  magnetostrietive  deflection  is 
given,  In  terms  of  the  percentage  of  radial  force  wave 
deflection  and  at  a  decibel  correction.  Only  for  the 
320  series  does  the  correction  become  appreciably 
greater  than  1  db.  An  investigation  of  the  stator  geo¬ 
metry  revealed  that  this  was  due  to  a  large  radial  core 
thickness  which  reduced  the  radial  force  wavedeflec- 
tlon  rather  than  a  large  magnetostrietive  deflection. 


TABLE 


From®  Series 

180 

210 

250 

280 

320 

360 

100 

Frame  Series 
Foetor 

I 

1.04 

1.19 

1.36 

1,66 

0.97 

0.90 

Magnetostrietive 
Deflection  In  % 

8.3% 

8.6% 

9.9% 

11.3% 

13.8% 

8.1% 

7.5% 

Magnetostrietive 
Deflection  In  db 

0.754b  0.784b 

0.91  db 

1 ,04db 

1.874b 

0.734b 

0.684b 

'li 


The  fact  that  the  radial  force  wave  and  magneto* 
itrlctive deflections  are  In  phase  opposition  suggests 
the  possibility  of  making  them  cancel.  To  do  this 
would  require  careful  attention  to  the  parameters  ex¬ 
pressed  in  equations  3.10  and  3.25.  The  magneto* 
strictive  strain  vs,  flux  density  curves  for  motorgrade 
steel  would  have  to  be  accurately  determined.  In  add¬ 
ition,  it  is  likely  that  special  steels  would  have  to 
be  developed  with  larger  magnetostrlctive  strains. 

3.5  EFFECT  OF  FLUX  HARMONICS 


The  derivation  ofthe  expression  for  the  magneto* 
strictive  deflection  was  accomplished  by  considering 
only  the  fundamental  of  the  stator  core  flux  density. 
The  harmonics  of  the  flux  density  have  a  much  small¬ 
er  maximum  value  than  the  fundamental.  Asfigure 
3*4  Indicates,  the  mognetostrlctlve  strain  decreases 
rapidly  for  lower  flux  density.  These  lower  values  of 
magnetostrlctive  strain  also  act  along  a  shorter  core 
path.  Thus,  it  may  be  seen  that  the  magnetostrlctive 
effect  of  the  harmonics  is  much  smaller  than  that  of 


the  fundamental  and  may  be  neglected. 

"  Unlike  the  harmonics  of  the  core  flux  density, 
certain  air  gap  harmonics  may  be  shown  to  be  a  sig¬ 
nificant  noise  source.  In  ihe  preeedlng  anglysl  qf. 
the  afr  gap  radial  hT£6  Waves,  the  effect  of  fhe  har¬ 
monics  was  ignored.  The  harmonic  content  of  the  air 
gap  flux  has  been  the  subject  of  much  Investigation. 
(12)  It  will  be  sufficient  for  this  treatment  to  state 
that  most  of  the  airgap harmonics  are  reduced  to  suf¬ 
ficiently  low  values  by  such  methods  as  proper  pitch 
and  distribution  of  the  stator  winding  and  skew  of 
the  rotor  bars.  In  addition,  the  mmf  wave  of  an  induc¬ 
tion  motor  contains  no  harmonics  that  are  a  multiple 
of  three  due  to  the  three  phase  winding.  However,  the 
rotor  and  stator  slots  do  create  appreciable  harmonies 
by  two  methods:  1)  permeance  rlpples  caused  by  the 
slot  openings  in  the  steel, and  2)  mmf  ripples  caused 
by  the  concentration  of  current  In  the  slots, 

In  the  discussion  of  the  fundamental  flux  wave, 
It  was  assumed  that  the  permeance  of  the  flux  path 
was  uniform  around  the  air  gap  periphery.  Thus  a 
sinusoidal  mmf  wave  produced  a  sinusoidal  flux  wave. 
The  presence  of  slots  bordering  the  air  gap  causes  a 
variation  in  the  permeance  path  viewed  by  the  mmf 
wave.  These  permeance  variations  modulate  the  funda¬ 
mental  flux  wave.  In  Figure  3-5,  the  fundamental  and 
resultant  flux  waves  arC  shown  above  a  pictorial  rep¬ 
resentation  of  the  teeth  and  slot  openings.  The  princi¬ 
pal  effect  of  this  modulation  is  the  creation  of  flux 
harmonics  ofthe  order  of  the  number  of  rotor  or  stator 


slots  (R  and  S)  respectively. 

The  concentration  of  current  In  the  rotor  and  stat¬ 
or  slots  causes  the  magnetomotive  force  (mmf)  wave 
to  be  made  up  of  a  series  of  steps.  When  the  funda¬ 
mental  mmf  is  subtracted  from  the  total,  a  series  of 
ripples  of  slot  frequency  remains.  This  effect  is  usua|v 
ly  small  at  no  load  due  to  the  small  stqtpr  current. 


and  negligible  rotor  current.  However,  It  should  be 
noted  that  even  at  no  load  the  stator  permeance  rip¬ 
ples  may  Induce  high  frequency  currents  In  the  rotor 
bars  which  will  create  rotor  slot  mmf  harmonics.  This 
secondary  effect  Is  usually  reduced  to  a  minimum  by 
proper  skewing  of  the  rotor  bars. 


FIGURE  3-5 


PERMEANCE  RIPPLES  IN  AIR  SAP  MAONETIC 
FIELD  DUE  TO  SLOT  OPENINGS 

The  mmf  nspitt  fceuAt  spewH&l*  under  food 
conditions.  As  the  load  on  a  motor  Increases,  the 
load  currents  ef  both  th*  stator  and  rotor  increase. 
The  load  current  of  the  stator  sets  up  a  load  mmf 
wave  which  is  displaced  90  electrical  degrees  from 
the  no  load  (magnetising)  mmf.  The  current  in  the  ra¬ 
ter  bars  setup  a  mmf  wave  whose  fundamental  exactly 
cancels  the  fundamental  of  the  stator  load  mmf.  How¬ 
ever,  both  of  these  mmf  waves  contain  ripples  caused 
by  the  concentration  of  current  In  slots,  which  do  not 
vcaneel.  As  the  currents  increase  with  load,  these  ,t 
ripples  increase  proportionately.  \  f" 

The  slot  harmonics  are  of  such  magnitude  com- ’ 
pared  to  other  harmonics  that  the  airgap  field  usually' 
may  be  considered  to  consist  of  only  th* fundamental 
and  the  rotor  and  stator  slot  harmonics.  The  mathe¬ 
matical  expression  for  the  air  gapflux  is  complicated 
by  the  differing  speeds  of  tha  fundamental  and  of  the 
slot  harmonics.  The  fundamental  wave  has  P  poles 
and  rotates  at  synchronous  speed,  n,  --iffiL-rpm. 
The  stator  slot  harmonic  wave  has  2S  poles  (S  =  num¬ 
ber  of  stator  slots)  and  Is  stationary.  The  rotor  slot 
harmonic  wave  has  2R  poles  (R  -  number  of  rotor 
slots)  and  travels  at  rotational  speed,  nr=  (l-s)  n* 

=  (l-i)  i»£.  rpm. 

in  the  section  dealing  with  the  fundamental  flux 
wave,  it  was  shown  thot  a  stationary  pulsating  wave 
may  be  resolved  into  two  oppositoly  rotating  compon¬ 
ents.  The  stator  slot  harmonic  wave  may  thus  be  rep-  • 
resented  by  two  fields, ".one  with'SS-P  poles  rotating 
backward  and  the  other  with  2S+P  poles  rotating  for¬ 
ward.  The  respective  speeds  of  these  fields  ore 

— Z|S2.  and  —£r  rpm.  The  rotating  rotor  harmonic 
2S-P  2S+P 
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wave  maybe  similarly  resolved  into  components.  Con¬ 
sidering  only  the  fundamental  and  the  slot  harmonics, 
the  air  gap  field  may  be  given  by  the  expression: 

B  =  B  cos  (£e  -  <ot)  3.27 


+  B  4  cos 

+  B5cos  [(R+|)e  -  s>t  (1  +iSIJpSL_)J  (10) 

where  B.  -  maximum  value  of  fundamental 
flux  density 

Bj,  Bj  =  maxinTum  vc|lue  of  negative  and 
“  positive  rotating  components  of 

stator  slot  harmonic. 

B4,  Bg  -  maximum  value  of  negative  and 
positive  rotating  components  of 
rotor  slot  harmonic. 

R,  S  =  number  of  rotor  and  stator  slots. 

P  =  number  of  poles 

s  =  slip  In  per  unit 

<*>  ■■=  angular { velocity  2n  x  Input  f re* 

quency. 

e  =  angular  distance  measured  from 
maximum  of  fundamental. 

Eg uati on 3.3 reveals  that  tjiV force  Intensity  pro* 
(freed’ by  the  radio)  flux  Is  proporf  iondf  to  the  square 
of  the  flux  density.  The  square  of  the  right  hand  side 
of  Equation  3.27  conform  30  terms  after  resofut fen 
into  single  cosine  functions.  Of  these  30  terms,  22 
are  time  varying.  Only  seven  discrete  frequencies 
with  varying  number  of  nodes  of  deflection  are  pro* 
duced.The  seven  frequencies  of  stator  core  vibration 
for  60 cycle  motors  and  the  smallest  number  of  nodes 
of  deflection  for  each  frequency  aregiven  lnTable3*2. 
TABLE  3*2 


(S—  £)s  +utl+'B„  cos  I" [S  +  E)a  —  utl 

{R-f>o  +  J(,r25liF*L)] 


(R+f)e 


2Rll-s) 


Stator  Core  Vibration 

Frequency  of  Vibration 
1)120 

120  R  (1-s) 

I-2?  R^l-j)  +  ,20 

240  R  (!-») 

2S2jyi=5l+  ,w>- 


Number  of  Nodss 
|2P| 

|2R  -  2S  -  2P| 
|2R  -  2S| 
|2R-2S  +  2Pl 
1 4R  -  2P| 


|4R  +  2F  | 


The  first  frequency  listed  in  Table  3-2  is  the 
fundamental  force  wave  previously  described.  The 
next  three  are  approximately  equal  to  -1^3 — and  ore 
often  so  designated.  These  maybe  termed  theprimory 
rotor  slot  frequencies.  The  rotor  slot  frequency  pro* 
dueed  by  force  waves  with  the  least  number  of  nodes 
will  produce  the  greatest  vibration.  If  the  nunber  of 


rotor  slots  Is  greater  than  tha  number  of  stator  slots 
(R** S),  frequency  *2  will  be  the  most  promlnent.Con- 
versely,  if  FJ^S,  frequency  s4  predominates.  R  Is 
never  chosen  equal  to  S  in  order  to  prevent  cogging. 
The  last  three  frequencies  are  approximately  equal 
to  —4^1?  and  are  termed  the  secondary  or  dduble  ro¬ 
tor  slot  frequencies.  Of  these  three,  frequency  *5  has 
the  least  number  of  nodes  and  will  predominate. 

Tests  of  many  motors  indicate  that  the  rotor  slot 
frequency  noise  Is  often  the  highest  airborne  nolsft- 
produced.  Vibration  tests  show  that  the  double  rotor 
slot  frequency  vibration  often  has  the  highest  adb 
levels.  One  reason  that  thedouble  rotor  slot  frequency 
predominates  in  acceleration  measurements  is  that 
the  square  of  the  frequency  Is  reflected  In  the  adb 
levels. 

If  the  expression  for  the  air  gap  field  (Equation 
3.27)  is  referred  to  the  rotational  speed  of  the  rotor, 
the  force  waves  causing  the  rotor  to- vibrate  may  be 
determined.  It  can  be  shown  that  the  rotor  will  bfe 
caused  to  vibrate  at  stator  slot  frequency.  Tests  of 
motor  vibration  of  stationary  components  reveal  this 
frequency  to  have  very  low  noise  levels.  Two  reasons 
for  this  phenomenon  are: 

1)  Rotor  core  is  either  solid  or  rigidly  attached 

is  one  of  the  most  rigid  motor  components  and 
strongly  resists  deformation. 

2)  Rq*or  Is  partially  isolated  from  the  stationary 
components. 

It  should  be  remembered  that  the  frequencies  af  mag¬ 
netic  noise  were  derived  from  the  expression  of  fh* 
air  gap  flux  of  an  Induction  motor.  The  frequencies 
produced  by  other  rotating  electrical  equipment  may 
be  quite  dissimilar  depending  upon  theharmonic  con¬ 
tent  of  the  air  gap  flux  density.  The  possibility  that 
rotor  vibrations  may  be  transmitted  to  the  driven  unit 
must  also  be  remembered. 

3.6  MEANS  OF  REDUCING  MAGNETIC  NOISE 

The  effective  source  of  Induction  motor  magnetic 
noise  has  been  shown  to  be  the  force  wavds  created 
by  the  rotating  magnetic  field.  Since  this  field  Is  the 
medium  by  which  power  is  transmitted  from  the  stator 
to  the  rotor,  elimination  of  magnetic  noise  Is  not  feas¬ 
ible.  Magnetic  noise  may  be  minimized,  however,  by 
several  methods.  The  effect  of  certain  factors  on  the 
magnetic  noise  are  described  In  the  following  sub¬ 
sections. 

3.6.1.  Air  Gap  Flux  Dens  ity 

3.6.2.  Rotor-Stator  Slot  Combination 

3.6.3.  Rotor  and  Stator  Geometry 

3.6.4.  Stator  Coll  Pitch 

3.6.5.  Skew  of  Rotor  Bars 

3.6.6.  Grain  Orientation  of  Core  Steel 

3.6.7.  Annealing  of  Core  Steel 


3.6.1.  Air  Gap  Flux  Density 

As  Equation  3.10  Indicates,  the  deflection  of  the 
stator  core  is  proportional  to  the  square  of  the  air  gap 
flux  density.  This  deflection  istransmitted  to  the  mo¬ 
tor  frame  where  it  both  generates  airborne  noise  and 
is  transmitted  to  the  motor  feet  and  thence  to  the  sub¬ 
structure.  The  factors  of  transmission  and  transduc¬ 
tion  are  not  necessarily  linear.  Tests  were  taken  on 
various  motors  to  detarmine  if  a  general  trend  of  mag¬ 
netic  noise  vs.  air  gap  flux  density  could  be  deter¬ 
mined.  These  motors  wert<  run  at  no  load  with  25,  SO, 
75,  100,  and  12595  rated  voltage  applied.  Pue  to  the 
no  load  operation  the  flux  density  may  be  assumed 
proportional  to  the  applied’ voltage.  The  vibration  ac¬ 
celeration  levels  for  the  three  axes  on  the  motor  feet 
were  recorded.  Test  data  on  three  representative  mo¬ 
tors  are  furnished:  1)  a  3  HP,  2  Pole  dripprOof  pro; 
tected  motor,  2)  a  5  HP,  2  Pole  dripfiroof  protected 
motor  and  3)  a  40  HP,  2  Pole  totally  enclosed  fan 
cooled  motor.  The  adb  levels  for  prominent  one-third 
octave  bands  that  experienced  a  change  in  adb  levels 
for  these  motors  are  furnished  In  Tables  3*3, 3*4,  and 
3*5  ,«.p#cti,«lyr  T^gLg  3.3 

FLUX  DENSITY 

_ :  -A  ttfftPelmMktFwaie  - 

VI  beet  lea  Acceleration  Levels 


It 

Band 

Axis 

25* 

50S 

75* 

100* 

125* 

43 

X 

77 

•78 

77 

78 

78 

Y 

83 

84 

84 

84 

84 

Z 

84 

86 

86 

86 

86 

125 

X 

48 

68 

66 

72 

73 

Y 

67 

73 

78  • 

83 

85 

Z 

49 

75 

78 

82 

86 

4,000 

X 

89 

93 

97 

101 

105 

Y 

84. 

86 

88 

91 

95 

Z 

89 

92 

94 

97 

101 

10,000 

) 

X 

94 

96 

97 

98 

100 

Y 

95 

96 

98 

101 

103 

Z 

96 

96 

98 

100 

103 

Overall 

X 

105 

105 

106 

107 

109 

Y 

101 

102 

103 

104 

106 

Z 

103 

103 

_ _ 

104 

106 

108 

Percent  of  Rated  Voltag 

» 

Band 

Axis 

25* 

50* 

75* 

100* 

125* 

125 

X 

77 

79 

81 

81 

83 

Y 

67 

76 

82 

86 

91 

7. 

71 

78 

83 

86 

90 

1,250 

X 

92 

89 

85 

86 

89 

Y 

83 

84 

86 

83 

90 

Z 

87 

85 

88 

89 

92 

1,600 

X 

84 

83  7 

83 

87 

89 

Y 

87 

89 

92 

96 

98 

Z 

92 

90 

94 

97 

100 

2,000 

X 

81 

82 

— 

82 

89 

92 

Y 

84 

87 

90 

90 

93 

Z 

90 

91 

94 

97 

101 

4,000 

X 

87 

85 

86 

87 

89 

Y 

87 

.87 

87 

■v 

93  f  _ 

>91 

Z 

91 

91 

92 

'95 

Overall 

X 

103 

103 

103 

103 

"104 

Y 

102 

103 

102 

104 

105 

Z 

104 

104 

104 

106 

107 

Values  taken  from  Spectrograms  3-6  through  3- 10. 


-TABLE3-5 - 

FLUX  DENSITY 
W  HP  7  Pole  364  Frame 
Vibration  Acceleration  Levels 


Percent  of  Rated  Voltage 

Band 

Axle 

25* 

50* 

75* 

100* 

125* 

63 

X 

94 

94 

94 

94 

'  94 

Y 

81 

61 

82 

82 

83 

Z 

84 

83 

84 

85 

85 

125 

X 

74 

75 

73 

77 

79 

Y 

81 

80 

84 

84 

91 

Z 

75 

U 

70 

82 

93 

10,000 

X 

102 

102 

102 

1&2 

102 

Y 

116 

114 

116 

116 

115 

Z 

119 

118 

119 

118 

118 

Overall 

X 

109 

109 

109 

110 

no 

Y 

117 

117 

118 

118 

117 

Z 

120 

120 

121 

120 

120 

Values  taken  (ram  Spectrograms  3-1  through  3-S. 


Values  taken  from  Spectrograms  3*11  through  3*15. 

FIGURE  3-6 


TABLE  3-4 
FLUX  DENSITY 
5  HP  2  Pole  184  Frame 
Vibration  Acceleration  Levels 


Percent  of  Rated  Voltoi 

Bond 

Axis 

25* 

50* 

75* 

too* 

125* 

63 

X 

88 

88 

88 

SB 

88 

Y 

85 

85 

85 

85 

86 

Z 

86 

86 

86 

86 

87 

l 

B 

■ 

I 

i 

B 

B 

B 

1 

L_ 

W 

L_ 

an 

L* 

« 

8 

■ 

■ 

— 

— 

— 

— 

1 

a 

a 

B 

8 

r 

I 

B 

a 

8 

m 

1 

— J 

u 

- 

_ 

B 

■ 

« 

a 

8 

8 

B 

■ 

8 

« 

B 

& 

* 

K 

a 

B 

m 

9 

B 

m 

* 

-*■ 

a 

jg 

■ 

B 

S 

8 

B 

0 

a 

g 

a 

r 

m 

8 

B 

8 

a 

8 

J 

g 

m 

S 

m 

8 

8 

m 

m 

a 

8 

8 

a 

a 

1 

B 

i 

B 

8 

m 

8 

m 

w 

& 

OP 

B 

m 

335 

a 

B 

B 

8 

a 

8 

8 

K 

m 

a 

3E 

a 

a 

10 

B 

B 

B 

8 

u 

8 

8 

8 

B 

8 

m 

_ 

□ 

□ 

=i 

rJ 

□ 

J 

J 

8 

■Bj. 

J 

□ 

□ 

R 

IS™1 

□ 

d 
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In  Figure  3-6,  the  overage  of  the  125  cps  band 
adb  levels  for  the  radial  axes  (Y  +  Z)  are  plotted 
versus  the  applied  voltage  in  percent  of  rated  voltage. 
The  curves  for  the  3  and  5  HP.motots  show  a  slightly 
decreasing  rate  of  rise  whereas  the  40  HP  curve  Is 
linear  at  low  values  of  flux  density  but  Increases 
rapidlygbove  rated  voltage.  The  maximum  ajr  gap  flux 
densities  corresponding  to  rated  voltage  are  36,000; 
40,000;  and  28,000  lines  per  square  inch  respectively 
for  the  3, 5,  and  40  horsepower  motors.  Thus  the  rapid 
Increase  in  vibration  of  the  40  HP  motor  does  not 
seem  to  be  due  to  a  numerically  high  flux  density  but 
to  non-linear  factors  of  transmission.  The  different 
means  of  construction  may  be  a  cause  of  this  varia¬ 
tion.  The3  and  5  HP  motors  are  constructed  by  press¬ 
ing  and  tack  welding  a  welded  pre-wound  stator  core 
into  the  frame.  The  40  HP  motor  has  the  stator  lam¬ 
inations  stacked  in  the  frame  and  then  vyound  In  place. 

The  effect  of  flux  density  on  certain  rotor  slot 
frequencies  may  be  noted  In  Tables  3-3  and  3-4.  The 
3  HP,  2  Pole  motor  experiences  an  almost  Vinear  in¬ 
crease  in  vibration  in  the  4,000  cps  band  which  con¬ 
tains  the. double  rotor  slot  frequency.  The  5  HP,  2 
Pole  motor,  on  the  other  hand,  reveals  an  increase 
In  the  2,000  cps  band,/(/otor  slot  frequency).  The  40 
HP  motor  reveals  little  change  in  rotor  slot  vibration. 
Qw  r«awn.fwthisia.tft*  caafiwwlmt‘u*.n«iui  Wdge 
over  the  rotor  slots  which  is  discussed  under  the 
effect  of  slot  configwetlwj.  Frequent  its  reot  listed 
In  these  tables  experienced  slight  or  no  changes. 

The  variation  In  the  effect  of  flux  density  on 
these  motor*  prj»ciude*th#_d«t«rmlnatlon  of  an  abso¬ 
lute  rule.  The  only  recommendation  that  can  be  made 
Is  the  use  of  the  lowest  practical  flux  density  con¬ 
sistent  with  obtaining  acceptable  motor  performance. 
(The  four  prototype  motors  furnished  under  this  con¬ 
tract  had  maximum  air  gap  flux  densities  of  under 
40,000  llnes/sq.  In.) 

3.6.2.  Rotor-Stator  Slot  Combination 

The  proper  selection  of  stator  and  rotor  slots  is 
probably  the  most  Important  single  aspect  of  quiet 
motor  design.  The  number  of  stator  slots  Is  usually 
chosen  a  multiple  of  3  times  the  number  of  poles  to 
give  a  balanced  3  phase  winding.  Unbalanced  wind¬ 
ings  are  not  permissible  due  to  the  unbalanced  mag¬ 
netic  forces  they  introduce.  This  limits  the  choice  of 
the  number  of  possible  stator  slots  for  a  particular 
design  to  a  very  few;  In  some  instances  there  is  no 
choice  at  all. 

The  problem  simplifies  to  that  of  determining  the 
optimum  number  of  rotor  slots  for  a  given  number  of 
poles  and  stator  slots.  Factors  other  than  noise  such 
as  elimination  of  hunting, crawling  and  cogging  elim¬ 
inate  many  possible  combinations,  which  are  listed 
in  Table  3-6.  (13)  In  all  cases  the  undesirable  rctor 
slots  form  a  band  centeredabaut  the  number  of  stator 
slots.  Practical  considerations  limit  the  maximum  and 


minimum  number  of  slots  that  may  be  used  in  a  rotor 
of  a  certain  diameter.  When  all  these  factors  are  taken 
into  account, relatively  few  combinations  remain  from 
which  the  quietest  may  be  selected. 

TABLE  3-6  ;; 


UNDESIRABLE  ROTOR-STATOR 
SLOT  COMBINATIONS 


Numbar  of  Rotor  Slots 

Stator 

Slots 

2  Pols 

4  Pole 

6  Pole 

8  Pole 

24 

21,22,23,24, 

25,26,27 

19,20,21,22, 

23,24,25,26, 

27,28,29 

17,18,19,21, 

23,24,25,27, 

29,30,31 

15,16,17,20, 

23,24,25,28, 

31,32,33 

36 

33,34,35,36, 

37,38,39 

31,32,33,34, 

35,36,37,33, 

39,40,41 

29,30,31,33, 

35,36,37,39, 

41,42,43 

27,28,29,32, 

35,36,37,40, 

43,44,45 

48 

45,46,47,48, 

49,50,51, 

43,44,45,46, 

47,48,49,50, 

51,52,53 

41,42,43,45, 

47,48,49,51, 

53,54,55 

39,40,41,44, 

47,48,49,52, 

55,56,57 

■54 

51,52,53,54 

55,56,57 

49,50,51,52,'* 

53,54.55,56, 

57,58,59 

147,48,49,51, 

53,54,55,57, 

59,60,61 

45,46,47,50, 

33,54,55,58, 

61.62.63 

60 

57,58,59,60, 

61,62,43 

1 

55,56,57,58, 
59,60,6 1 ,62, 
63,64,65 

53,54,55,57, 

59,60,61,63, 

65,66,67 

51,52,53,56, 

50,W,6T,64, 

67,68,69 

72 

69,70,71,72, 

73,74,75 

67,68,69,70, 

71,72,73,74 

75,76,77 

65,66,67,69, 

71,72,73,75, 

77,78,79 

63.64,65,68, 

71,72,73,76, 

79,80,81 

TABLE  3-7 

PREFERABLE  ROTOR-STATOR 
SLOT  COMBINATIONS 


Number  of  Rotor  Slots 

Stator 

Slots 

2  Polo 

4  Pole 

6  Pole 

8  Pole 

24 

32  34 
02)06) 

32  34 
(8)02) 

32  36 
(4)02) 

- II 

36 

26  28  44 
06)02)02) 

26  28  44 

02)(8)(8) 

46  48 
(8)02) 

48  82 
(8)06) 

48 

38  40  56 
06)02)02) 

38  40  56 

02)(8)(8) 

58  60  64  68 
(8)02X20)28) 

58  64 
(4)06) 

54 

46  62 
02)02) 

46  62 

(B)(8) 

42  66 

(4)02) 

38  40  66  70 
06)02X8)06) 

60 

52  68  78 
02)02)52) 

44  46  52  76 
24)C20)(  B)C?4) 

44  48  72 
20)02)02) 

44  M 
06)06) 

72 

— 

_ _ 

60 

02) 

56  58 
06)02) 
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From  a  noise  viewpoint,  the  optimum  number  of  '"’ 
rotor  slots  for  any  pole-stator  slot  combination  Is  that 
which  produces  deflections  having  the  greatest  num¬ 
ber  of  nodes,  For  the  primary  rotor  slot  frequencies 
(Numbers  2,  3,  and  4  In  Table  3-2)|!  this  requires  the 
largest  practicable  difference  in  the  number  of  rotor 
and  stator  slots.  For  the  double  rotor  slot  frequencies, 
a  large  number  of  rotor  slots  are  required.  Table  3-7 
lists  rotor-stator  slot  combinations  frequently  used. 
The  numbers  in  parenthesis  are  the  minimum  number 
of  nodes  of  deflection  of  the  primary  rotor  slot  fre^ 
queneies.  The  combinations  with  large  numbers  In 
parenthesis  are  preferred.  Where  more  than  on*  num¬ 
ber  of  rotor  slots  produce  the  same  number  of  nodes 
of  primary  rotor  slot  frequency  vibration,  the  larger 
should  be  chosen|lto  reduce  the  double  rotor  slot  fre¬ 
quency  vlbr&tlon. 

3.6.3.  Rotor  and  Stator  Geometry 

Various  factors  related  to  the  geometry  of  the 
rotor  and  stator  effect  the  magnitude  of  magnetic  noise 
produced  byan  induction  motor.  Equation 3. lOreveals 
the  deflection  of  the  stator  core  to  be  proportlonol  to 
where  R  is  the  air  gap  radius,  Dt  Is  the  mean 
disaster  oftiurMew  Sthd  V  rsffTe  rSdrbTdeptfT — 

of  the  cor*.  The  deflection  may  be  minimized  by  re¬ 
ducing  the  values  of  R  and  D& or  increasing  fhe  val¬ 
ue  of  h.  The  air  gap  raaius  it  not  easily  reduced;  nor 
can  the  core  diameter  be  decreased  without  greatly 
decreasing  the  core  depth.  The  principal  reduction  of 
stator  core  deflection  may  be  accomplished  by  In¬ 
creasing  the  radial  depth  of  the  stator  core,  h.  This 
Increased  core  depth  will  cause  the  mean  diameter  to 
increase  slightly  but  the  overall  effect  will  be  a  re¬ 
duction  of  stator  care  vibration. 

The  h 3  term  is  introduced  into  Equation  3  JO  by 
the  bending  moment  of  inertia  of  the  core.  Therefore, 
any  design  change  that  stiffens  the  eore  will  increase 
the  effective  value  of  h.  In  the  derivation  of  this 
equation,  any  stiffening  effect  of  the  stator  teeth  or 
motor  frame  was  not  considered.  The  stator  teethwill 
normally  have  little  Influence  but  the  frame  can  help 
to  stiffen  the  stator  core.  Continuous  peripheral  con¬ 
tact  between  the  cor*  and  frame  or  the  use  of  circular 
rather  than  axial  ribs  will  result  In  a  larger  banding 
moment  of  Inertia  and  thus  less  stator  core  deflection. 

Squirrel  cage  induction  motors  have  either  closed 
or  seml-elosed  rotor  slots  as  shown  In  Figure  3-7,  a 
and  b,  and  semi-closed  or  open  slots  (b  and  e).  The 
partial  or  complete  steel  bridge  over  the  slots  de¬ 
creases  the  permeance  variation  as  sensed  by  fhe 
opposing  member.  The  decrease  in  permeance  varia¬ 
tion  will  result  In  lower  magnitudes  of  slot  harmonics 
of  the  air  gap  flux  density  wave,  as  expressed  in 
Equation  3.27.  The  amount  of  the  decrease  may  vory 
from  appreciable  to  negligible,  depending  upon  fhe 
motor  dimensions. 


FIGURE  3-7 


Slot  Configuration 


'■  to)  CLOSED  (b)  SEMI  "CLOSE  0  tc)  OPEN 

A  closed  rotor  slot  causes  less  permeance  varia¬ 
tion  than  a  semi-closed  slot.  However,  the  thickness 
of  the  steel  bridge  is  dependent  upon  manufacturing 
tolerances  and  mechanical  strength  requirements  and 
Is  often  kept  to  a  minimum  to  reduce  the  undesirable 
rotor  slot  leakage  reactance.  As  a  result  the  bridge 
thickness  does  not  increase  at  the  same  rate  as  the 
motor  size.  The  smaller  relative  bridge  thickness  of 
larger  motors  may  become  saturated  with  leakage  flux 
even  at  no  load.  As  the  steel  bridge  saturates,  the 
permeance  variation  approaches  that  of  a  completely 
open  slot,  Figure  3*7e.  Under  such  circumstances, 
the  c  losed  slat  may,  not.  appreciably  reduce  magnetic 
noise.  AtfiicuisTbhof  the  effect  of  motor  load  upon 
this  phenomenon  is  presented  In  Section  7.  Sine#  the 
use  of  closed  slots  never  causes  an  increase  in  noise 
it  is  recommended  that  rotors  withclosed  slot  conflg-  , 
uration  be  used. 

For  similar  reasons,  stators  should  utilize  eeml- 
closed  rather  than  open  slot  configuration.  The  width 
of  the  slot  opening  should  be  kept  to  o  minimum.  The 
ability  to  wind  the  motor  will  determine  the  minimum 
opening  that  may  be  used.  For  noise  critical  applica¬ 
tions,  whereon  Increase  in  winding  time  and  there¬ 
for*  cost  is  permissible, the  minimum  opening  maybe 
established  as  twice  the  thickness  of  the  slqt  liner 
plus  the  diameter  over  Insulation  of  the  largest  wire 
sizeplus20mils  clearance.  For  motors  built  in  frames 
larger  thun  286  frame,  the  clearance  should  be  In¬ 
creased  to  30  milt. 

The  length  of  the  air  gap  also  affects  the  per-  v 
meonce  variation;  the  longer  the  air  gap,  the  let*  var¬ 
iation  is  tensed  by  the  opposing  member.  The  length 
of  air  gap  Is  also  dependent  on  design  criteria  other 
than  noise.  The  merits  of  increasing  the  air  gap  to 
redueethe  slot  harmonic  magnetic  noise  must  be  com- , 
pared  to  the  corresponding  decrease  in  power  factor 
i  nd  efflclencyas  well  as  an  Increase  in  storting  cur¬ 
rent.  If  both  closed  rotor  slots  and  stator  slots  with 
the  minimum  openings  are  used,  it  l>  felt  that  air  gap 
lengths  used  for  NEMA motors  will  be  sufficient.  For 
example,  NEMA  motors  built  on  tho  180  frame  series 
have  air  gaps  of  .014  to  .018\'thoi#  built  on  the  360 
series  have  .025  to  .040"  air  gaps.  The  air  gap  length 
within  a  frame  series  increases,  with  a  decrease  in 
number  of  poles.  '« 
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3.6.4.  Stator  Coil  Pitch 

In  the  discussion  of  the  air  gop  flux  harmonics, 
it  was  stated  that  harmonics  other  than  the  slot  har¬ 
monics  are  reduced  by  the  pitch  and  distribution  of 
the  stator  windings.  The  distribution  factor  for  each 
harmonic  Is  a  direct  function  of  the  number  of  stator 
slots.  As  previously  mentioned,  the  number  of  stator 
slots  is  often  fixed  by  physical  limitations  and  the 
necessity  of  having  a  multiple  of  3P.  However,  a 
choice  In  the  stator  coil  pitch  usually  exists.  The 
1  pitch  ratio  should  be  selected  to  give  small  pitch 
factors  for  the  lower  order  air  gap  harmonitk.  Due  to 
the  step  function  of  the  induced  mmf  wave,  the  lower 
order  harmonics  predominate  (except  for  the  slot 
harmonics). 

The  pitch  factor  for  the  nth  harmonic  is  given  by 
the  expression 


K  =  cos  n(l*Pltch  Ratio)  900, 
pn 


In  Table  3-8,  the  pitch  factor  for  the  fundamental  and 
the  fifth,  seventh  arid  eleventh  harmonics  are  given 
fat  various  pifchratioi.  Due  to_  symmetry  there  arvncL 
rnmrhrcrnTttJtTtCS.  Thff  tKIJtf  Fiarmbnfcdnd  all  harmonics 
a  multiple  of  three  are  not  present  In  three  phase 
motors.  Thus  the  optimum  pitch  ratio  Is  that  producing 
low  Rlteh  factors  for  the  fifth  and  higher  harmonies. 
Usually  only  the  fifth  and  seventh  harmonic  pitch 
factors  need  be  considered. 

TABLE  3-8 

HARMONIC  PITCH  FACTORS 
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3.6.5.  Skew  of  Rotor  Bars 

The  practice  of  skewing  either  the  rotor  or  stator 
slots  with  respect  to  the  axis  of  rotation  to  reduce 
noisa  and  provide  for  smooth  acceleration  has  become 
so  prevalent  that  the  vast  majority  of  Induction  motors 
ore  skewed.  Authorities  agree  that  skewing  reduces 
magnetic  noise,  butthere  is  no  clear  agreement  on  the 
optimum  amount  of  skew.  In  addition,  practically  all 
the  literature  refers  to  the  effect  of  skew  on  only  the 
overall  airborne  sound  pressure  levels;  little  of  noth¬ 
ing  Is  said  about  structureborne,  noise  of  frequency 
analysis.  It  was  the  object  of  this  study  to  investi¬ 
gate  these  areas. 

The  degree  of  skew  affects  the  performance  of  a 
motor  as  well  as  the  noise' dnd  vibration.  In  fact,  the 
rapid  decay  of  motor  performance  with  inareasing 
skew  is  generally  the  factor  which  limits  the  amount 
a  motor  may  be  skewed,  Therefore,  it  was  necessary 
to  determine  and  to  relate  the  effects  of  skew  on  both 
motor  performance  and  noise.  The  effect  of  -skew 
shows  up  principally  in  the  parameters  of  tj»e  skewed 
member  (rotor)  and  only  slightly  in  the  non-skewed 
member  (stator)  through  mutual  inductance.  (14)  The 
parameter  most  affected  it  the  rotor  leakage  reactance 
which  contains  o  factor  H  +  SK*)  where _ 

SK  =  x/*r 

SK  =  skew  in  "rotor  slots” 

X  =  radial  displacement  of  ends  of  rotor 
bars 

=  rotor  slot  pitch  measured  in  tame 
units  as  X 

Therefore,  skew  is  expressed  In  farms  of  number-of, 
rotor  slots  for  this  study.  //" 

AS  HP,  2  pole,  184  flame  motor  design  was  used 
far  this  study.  Performance  factors  such  as  break¬ 
down  torque,  starting  current,  starting  torque,  power 
factor  and  efficiency  were  calculated  for  various 
amount*  of  rotor  skew.  Although  several  methods  of 
calculating  induction  motor  reactances  are  used,  the 
degree  of  skew  was  considered  to  affect  only  the  rotor 
leakage  reactance  with  regard  to  performance  calcula¬ 
tions.  This  method  has  been  found  to  correlate  very 
well  wlth: actual  tests.  Other  parameters,  such  as  the 
rotor  resistance,  also  change  slightly.  This  change,.. 
Is  small  and  may  be  Ignored  without  unduly  sacrific¬ 
ing  accuracy. 

Much  ambiguity  exists  in  the  technical  literature 
with  respect  to  the  effect  of  skew  on  motor  noise. 
(15,16)  Calculation  of  the  noise  produced  by  varying 
amounts  of  skew  cannot  accurately  be  made.  There¬ 
fore,  the  above  motor  was  built  with  four  rotors,  ident¬ 
ical  except  for  the  amount  of  skew.  These  rotors  had 
0,  1.41,  1.86,  and  2.50  rotor  slots  skew  respectively. 
Airborne  and  structureborne  noise  measurements  were 
taken  of  the  motor  with  all  four  rotors. 
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Figure  3-8  ahowa  the  calculated  performance 
factor  a  and  the  meaaured  overall  noiae  levels  for  this 
motor  for  akews  ranging  from  zero  to  2.5  rotor  slots. 
The  breakdown  torque,  starting  torque  and  starting 
current  can  be  seen  to  drop  off  quite  sharply  as  the 
amount  of  skew  is  Increased.  The  full'  load  power 
factor  and  efficiency  curves  show  little  change  unt'tM 
an  extreme  amount  of  skew  Is  used.  Two  curves  el 
test  data  are  plotted  to  Indicate  the  overall  noise  . 
level  of  the  motor  with  respect  to  skew.  The  sound 
pressure  level  curve,  Lp,  Is  the  overall  reading  taken 
at  three  feet  from  the  front  end  (opposite  the  shaft  ex- 
tension)of  the  , motor.  The  vibration  acceleration  level 
curve,  VAL,  is  a  plot  of  the  average  of  fhe  overall 
levels  for  the  three  axes  on  the  motor  feet.  These 
noise  curves  reveal  a  gradual  decrease  to  a  broad 
valley  followed  by  a  more  rapid  Increase. 


FIGURE  3-8 

Effects  of  Rotor  Skew 
On  5  HP,  2  Pole,  184  Frame  Motor 


A  clearer  picture  of  the  effect  of  skew  on  mag¬ 
netic  noise  may  be  obtained  by  Inspecting  the  one- 
third  octave  sound  pressure  and  acceleration  levels 
listed  in  Tables  3-9  and  3-10,  respectively.  Since 
magnetic  noise fh:st appears  as  motor  vibration, Table 
3*10  i-s  the  more  ijiJiiatlve.  The  low  frequencies  re¬ 
veal  a  varying  patf€!r.,vv<lth  respect  to  Increasing 
skew.  The  63  cps  X-Axir vibration  decreases  sharply 
as  does  the  125  cps  X-Axis  band.  The  125  cps  band 
Shows  a  more  gradual  decrease  in  the  radial  (Y  &  Z) 
axes.  The  200 cps  band  has  a  sporadic  variation.  This 
table  reveals  that  the  primary  effect"  of  Increasing 
skew  shows  up  In  the  frequency  bands  above  2,000 
cps.  All  of  these  bands  have  a  variation  similar  to 
the  VAL  curve  of  Figure  3-8. 


TABLE  3-9 


SKEW  TEST 
5  HP  2  Pole 
Sound  Pressure  Levels 


Band 

0  R$ 

1.41  RS 

1.86  RS 

2.5  RS 

125 

35 

29 

30 

28 

250 

39 

34 

33 

38 

•315 

49 

42 

40 

43 

J 

1,250  / 
4,0 00  " 

52 

42 

42 

48 

49 

41 

42 

45 

44.5 

31.5 

33 

36 

5,000 

40 

34.5 

36.5 

34.5 

Overall 

59 

S3 

52 

55 

Valust  loksn  from  Spectrograms  3-16  and  3*  17. 


TABLE  3-10 


SKEW  TEST 
5  HP  2  Pole 

Vibration  Acceleration  Levels 


Band 

Axis 

0  RS 

■1.41  RS 

1.86  RS* 

2.5  RS 

S3 

— x  j 

SO 

77 

74 — 

Y 

84 

79.5 

84 

85 

2 

80 

75 .5 

8 7 

84 

125 

X 

97 

71 

75 

* 

Y 

87 

83 

83 

82 

Z 

85 

S3 

82 

81 

200 

X 

83 

74 

87 

80 

Y 

74 

73 

77 

72 

Z 

74 

70 

* 

* 

2,000 

X 

101 

94 

92 

96 

Y 

103 

94 

92.5 

98 

Z 

97 

88 

89 

96 

2,500 

X 

100 

93 

91.5 

95 

Y 

101.5 

93 

90 

94 

Z 

94 

85 

85 

88 

4,000 

X 

107 

94 

91 

93 

Y 

107 

90 

86 

89 

Z 

109 

90 

88 

91 

8,000 

X 

108 

88.5 

82 

92 

Y 

112 

91.5 

88 

98 

Z 

105.5 

85 

87 

96 

10,000 

X 

122 

100.5 

91 

102.5 

Y 

110 

92.5 

91 

98 

Z 

117 

93.5 

97 

101 

Ovorall 

X 

124 

105 

101 

107 

Y 

115 

101  ' 

99 

104 

Z  . 

118 

99 

99 

104.5 

*  Valuer  less  then  70  adb  were  below  range  ef  recording 
poper. 

Values  taken  irom  Spectrograms  3*18  through  3-21. 
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Of  the  low  frequency  bands,  only  the  125  cps 
radial  axes  band  reflect  magnetic  noise  variation; 
the  others  reflect  a  change  in  bearing  noise.  The  bear¬ 
ings  used  in  this  test  had  large  internal  clearances 
and  were  not  initially  preloaded.  The  skew  of  the 
rotor  bars  produces  an  axial  component  of  the  force 
on  the  rotor  bars  created  by  the  magnetic' fleld'and 
the  rotor  bar  currents.  This  axial  force  increases 
skew,  and  preloads  one  motor  bearing  similar  to  the 
manner  described  in  Sectioi.  7  on  the  effects  of  motor 
load.  The  rotational  frequency  noise  {60  cps)  de* 
creases  due  to  the  taking  up  of  the  internal  clearances 
which  improve  the  concentricity  of  the  air  gap.  The 
125  cps  band  variation  in  the  X-Axis  Is  the  second 
harmonic  of  this  rotational  frequency  change.  The 
erratic  variation  of  the  200  cps  band  is  due  to  varia¬ 
tion  In  preload  force  on  the  bearing.  This  variation 
is  quite  similar  to  that  of  the  same  band  obtained  in 
the  preload  amount  test  (Table  4-2,  Section  4).  It  will 
bo  shown  In  Section  4  that  the  preload  fo^ce  may  be 
adjusted  to  result  In  minimum  bearing  noise.  These 
variations  in  bearing  noise  are  therefore  extrdneous 
to  this  study  of  magnetic  noise  and  may  be  Ignored. 
Thus,  onjy  the  high  frequency  and  the  125  cps  radial 
axes  bands  reflect  variation  In  magnetic  noise.  " 

_ The  taltdflh  dacfffliM.  to  rnag&Wtcffldstewithaa 

increase  in  skew  Is  due  to  the  reduction  of  the  rotor 
slot  h  or  monies.  A+  sera  shew,  the  fhr*  pulsation* 
caused  by  segments  along  the  axial  length  of  the  ro¬ 
tor  slots  are  in  space  phase.  As  the  skew  Is  Increas¬ 
ed,  the  phase  difference  between  the  pulsations  of 
the  segments  becomes  greater.  To  the  extent  that  the 
stator  core  may  be  considered  as  a  unit  rather  than 
as  individual  laminations,the  effective  rotor  slot  har¬ 
monic  may  be  considered  the  phasor  sum  of  the  pulsa¬ 
tions  of  all  segments  along  the  length  of  the  rotor 
slots.  An  Increase  in  skew  causes  a  greater  phase 
displacement  and  thus  a  lower  effective  rotor  slot 
harmonic.  Under  these  assumptions,  a  skew  of  one 
rotor  slot  would  eliminate,  deflection  caused  by  force 
waves  set  up  by  the  rotor  slot  harmonic.  Figure  3-8 
and  Table  3-10  indicate  the  minimum  slot  frequency 
noise  Is  achieved  at  higher  values  of  skew.  This 
suggests  that  the  stator  core  reacts  to  the  skewed 
force  wave  neither  as  Individual  lamination  nor  as  a 
solid  core  but  as  some  Intermediate  structure.  The 
decrease  inl20cycle  magnetic  noise  reflected  in  the 
radial  axes  125  cps  band  is  also  due  to  the  reduction 
in  rotor  slot  harmonic.  Refering  to  Equation  3.27  the 
cross  multiplication  of  the  oppositely  rotating  rotor 
slot  harmonics  can  be  seen  to  produce  120  cps  vibra¬ 
tion  with  the  same  number  of  nodes  as  the  square  of 
the  fundamental^The  maximum  flux  densities  af  the 
slot  harmonics  are  much  smaller  than  the  fundamental 
and  the  decrease  In  the  120  cps  vibration  isthus  much 
less  than  that  of  the  rotor  slot  frequencies. 

At  values  of  skew  greater  than  2  rotor  slots  the 
magnetic  noise  produced  by  the  rotor  slot  harmonics 


increases.  There  are  severol  potential  reasons  for 
this  increase. 

1.  The  skew  has  increased  to  the  point  that  the 
actual  phase  displacements  of  the  stator  core 
vibration  from  end  to  end  are  greater  than  360° 
and  are  causing  a  greater  total  deflection. 

2.  The  Increase  In  skew  results  in  a  large  leak¬ 
age  flux,  decreasing  the  flux  linking  the  rotor. 
The  rotor  bar  currents  must  therefore  Increase 
to  supply  the  no  load  losses  of  the  motor.  The 
Inereated  rotor  currents  cause  an  Increased 
mmfand  permeance  ripples  Inthe  same  manner 
at  the  rotor  bar  load  currents  described  in  See- 
tion  7. 

The  relative  effeetof  these  factors  was  not  evaluated, 
since  the  deterioration  of  motor  performance  is  suf¬ 
ficient  to  prohibit  this  large  amount  of  skew.  However 
It  is  Important  that  a  nolie  minimum  exists. 

These  noise  measurements  reveal  that  there  is 
an  optimum  amount  of  rotor  bar  skew.  For  this  motor, 
It  does  not  occur  at  either  one  rotor  bar  skew  or  one 
sfator  slot  skew  (1,41  rotor  slots  for  this  particular 
motor).  Both  of  these  amounts  are  often  propoeed  as 
optimum  values  in  the  literature.  The  optimum  point 
far  this  motor  is  between  1.75  and  2.0  rotor  slots 
skew.  The  amount  af  skew  has  also  been  determined 
•  teeffe<Stherotfflfi’:fr«quency  ipoctrom  ^bf^lw  'rrgrjr 
rather  than  only  isolated  frequencies. 

The  swear  re  which  a  »fefor  core  will  deffecr  as 
a  unit  rather  than  as  individual  punchings  Is  depen¬ 
dent  upon  the  construction  of  the  tfaior  core.  Thut 
the  analytical  determination  of  tho  optimum  show  far 
an  Induction  motor  Is  not  possible  for  the  general 
case.  However,  this  study  reveals  that  the  optimum 
skew  it  not  critical;  that  the  minimum  nolte  occurs 
at  the  bottom  of  a  broad  valley.  An  amount  of  skew 
that  will  result  In  near  minimum  magnetic  nolte  may 
be  selected  analytically.  The  absolute  minimum  may 
be  determined  by  test  of  several  rotors  with  varying 
amounts  of  skew. 

Skewing  lest  than  one  rotor  slot  is  not  only  in- . 
effective  in  appreciably  reducing  the  unit's  noise  and 
vibration,  but  is  also  insufficient  to  minimize  the 
stray  load  losses  and  the  probability  of  encountering 
cogging  or  crawling  during  acceleration. On  the  other 
hand,  the  rapid  decay  of  performance  with  respect  to 
ikew  preclude*  the  ut*  of  an  amount  of  skew  appre¬ 
ciably  greater  than  1.5  rotor  slots.  At  a  first  approxi¬ 
mation,  it  is  suggested  that  the  rotor  be  skewed  one 
rbtor  or  stator  slot,  whichever  produces  the  greater 
angle.  An  examination  of  the  slot  combinations  listed 
in  Table  3-7  reveals  that  one  stator  slot  pitch  never 
exceeds  1.5  rotor  slots.  For  the  test  motor,  this  meth¬ 
od  would  recommend  1.41  rotor  slots  skew  (1  stator 
slot)  which  results  in  near  minimum  motor  noise  with¬ 
out  too  great  a  sacrifice  of  motor  performance. 

One  aspect  of  this  test  requires  further  explana¬ 
tion.  Table  3-10  reveals  that  in  the  high  frequency 
region  not  only  the  primary  and  secondary  rotor  slot 
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frequencies  (approximately  2,000  &  4,000  eps,  re¬ 
spectively)  are  affected  by  the  amount  of  skew,  but 
alio  harmonic*  of  theie  frequencies  These  harmonic* 
arii  introduced  by  the  variation  in  permeability  of  the 
cere  steel  described  in  the  next  two  subsections. 
Thus  the  8,000  &  10,000  cps  bands  reflect  magnetic 
nolseotlow  values  of  skew.  The  skew  angl*~affects 
the  harmonics  to  a  greater  degree  than  the  primary 
rotor  slot  frequencies.  At  higher  skews  the  magnetic 
noise  levels  In  the  high  frequency  bands  falls  below 
that  noise  produced  by  the  bearings.  Throughout  this 
report,  it  will  be  noted  that  the  8,000  &  10,000  eps 
bands  usually  reflect  variation  In  bearing  noise  since 
the  motors  under  test  had  skewed  rotors.  _ 

3.6.8.  Grain  Orientation  of  Core  Steel 

In  the  evaluation  ofthe  effect  of  grain  orientation 
on  motor  noise,  two  external  sources  of  Information 
were  consulted.  A  thorough  literature  search  was  un¬ 
dertaken  and  steel  companies  supplying  electrical 
sheet  steel  were  consulted.  The  data  on  orientation 
in  the  technical  literature  Is  concerned  only  with  the 
magnetostrietlve  effect  and  specifically,  with  regard' 
to  transformers.  Contact  was  made  with  fpur  steel 
companies  to  determine  if  studies  were  underway  but 

panies  had  investigated  the  effect  under  question  but 
one  company  hoe  begun  on  experimental  study  on  the 
varying  permeability  of  the  sheet  steel  as  a  function 
of  angle  with  respect  to  rolling  direction.  This  Is  a 
prerequisite  step  te  any  thorough  study  ond  locking 
such  information,  only  a  preliminary  Investigation 
could  be  made.  General  information  and  certain  theor¬ 
ies  developed  in  this  study  a>e  given  below. 

The  effect  of  orientation  is  caused  by  the  crystal 
structure  of  the  steel  and  the  rolling  process  used  In 
making  the  steel  into  sheets.  Steel  is  composed  of 
crystals  or  "grains".  Within  the  grains,  the  atoms 
are  arranged  in  systematic  order.  At  the  boundary  be¬ 
tween  grains,  there  exists  a  disorganization  of  atoms. 
Magnetic  flux  finds  it  easy  to  transverse  a  crystal 
:but  the  disorganization  of  atoms  at  the  grain  bound¬ 
ary  causes  a  barrier.  Rolling  the  steel  causes  the 
crystals  to  elongate  in  the  direction  of  roll.  Thus, 
flux  traveling  in  the  direction  of  roll  crosses  fewer 
grain  boundaries  and  thus. encounters  less  resistance 
to  the  flux  (reluctance).  The  steel  Is  said  to  have  a 
high  permeability  in  this  direction  of  roll. 

Most  electrical  sheet  steel  used  in  induction 
motors  is  termed  "non-oriented"  while  steel  supplied 
mainly  for  transformer  use  is  termed  "grain-oriented". 
Actually  non-oriented  steel  is  mad*  only  somewhat 
less  oriented  than  the  transformer  grade  by  rolling 
■i  the  sheets  In  two  directions  at  right  angles  to  each 
other.  The  grain-oriented  steel  has  a  permeability  at 
right  angles  to  the  roll  direction  (lateral)  one-tenth, 
or  less,  of  the  permeability  in  the  roll  (transverse) 


direction.  The  non-oriented  steel  haso  lateral  perme¬ 
ability  of  80  -  8595  of  the  transverse  permeability. 

The  transverse  permeability  of  motor  grade  steel  is 
lower  due  to  the  bl-directlonal  rolling  operation.  The 
permeability  of  motor  grade  steel  at  a  45°  angle  to 
roll  is  believed  to  be  lower  than  In  either  the  lateral 
or  transverse  directions  but  exact  values  are  not 
available.  f> 

This  variation  In  permeability  resuits  In  whot 
may  be  termed  a  "pole"  effect.  There  exists  an  In¬ 
herent  tendency  for  flux  to  form  a  strong  pair  ef  ‘poles 
in  the  transverse  direction  with  a  somewhat  weaker 
pair  of  poles  In  the  lateral  direction  and  with  ''val¬ 
leys"  In  between  all  four  poles.  This  pole  effect 
causes,  in  theory,  second  and  fourth  harmonies  of  all 
air  gap  fluxes,  such  as  the  slot  harmonics,  as  well 
as  the  fundamental. 

To  determine  If  orlentptlon  is  Important  in  an  11 
induction  motor,  a  3  HP,  2  pole  motor  was  built  with 
two  sample  stator  cores  of  motor  grad*  steel.  On*  of 
these  cores  had  all  stator  punching*  lined  up  with 
respect  to  thedireetion  ofroll  (oriented) and  the  other 
had  each  punching  rotated  45”  with  respect  to  the  ad¬ 
jacent  punching  (non-oriented).  With  120  punchlngi 
m  thw  3  mefr long  corw;  ihe  Toryrng  permeabll-tttee  of 
the  second  core  were  averaged  and  resulted  In  a  high¬ 
ly  urttform  permeability.  The  cares  were  wound  Ident¬ 
ically  and  tested  with  the  same  motorframe  and  ether 
component*. 

Table3-11  lists  the  vibration  acceleration  levels 
for  this  test.  These  band  levels  indicate  the  non- 
oriented  core  to  result  In  an  appreciably  lower  axial 
X-axis  vibration  in  the  frequency  bands  below  250 
cps.  The  radial  (Y  and  Z)  axes  show  a  smaller  de¬ 
crease.  The  rotor  slot  frequency  (2,000  cps)  Increases 
slightly  but  the  double  rotor  slot  frequency  (4,000 
cps  band)  experiences  a  5.5  adb  decrease  In  the  rad¬ 
ial  axes  ond  a  2.  adb  decrease  in  the  X-axit.  The 
8,000 and  10,000  bands  reflect  on  Increase  In  bearing 
noise  due  to  deterioration  of  the  bearings. 

This  test  indicates  that  the  non-oriented  stotor 
core  experiences  less  vibration  than  the  oriented  cor*. 

It  is  especially  interesting  that  the  decrease  in  vi¬ 
bration  takes  ploce  in  the  shaft  axis  for  harmonics 
of  the  fundamental  flux  wav*  ond  the  radial  axes  for 
the  second  harmonic  of  the  rotor  slot  frequency.  The 
variation  in  direction  is  not  fully  understood  at  this 
time.  However,  since  elimination  of  orientation  re¬ 
duces  magnetic  noise,  the  stator  cor*  should  be  so 
constructed  to  minimize  variation  in  permeability.  If 
the  number  of  stotor  slots  Is  a  multiple  of  8,  the  suc¬ 
cessive  laminations  should  be  rotated  in  steps  of 
,45°  (one-eighth  revolution).  For  stators  with  54  or  60 
slots,  the  laminations  should  be  rotated  in  step*  of 
90°.  !! 
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TABLE  3-11 

! 

Grain  Orientation 
Vibration  Acceleration  Levels 


Band 

Axis 

Oriented  Core 

Nan*Oriented  Core 

63 

X 

86 

74 

Y 

78 

75 

Z 

73 

74 

125 

X 

82.5 

76 

Y 

81  -v...  ■ 

78 

Z 

81 

1  78 

200 

X 

35 

77 

Y 

71 

71 

Z 

65 

67 

250 

X 

78  v 

73 

Y 

67 

65 

z  . 

72 

67 

2,000 

X 

90 

90 

Y 

90 

91 

Z 

87 

91 

4,000 

X 

89 

;  .87 

Y 

91.5 

86' 

. . . . 

.  _JL 

. _ 12 

6,000 

X 

92 

— 

96 

y 

94 

9x 

z 

93 

98 

10,000 

X 

91 

98 

Y 

93 

96 

Z 

92 

98 

Overall 

X 

T03 

104 

Y 

101 

102 

Z 

103 

104 

Values  token  from  Spectrograms  3-22  and  3*23. 


3.6.7.  Annealing  of  Core  Steel 

A  tost  was  conducted  to  determine  the  effect 
that  annealing  rotor  and  stator  punching*  has  on  In¬ 
duction  motor  noise.  Many  manufacturers  us#  annealed 
laminations  to  take  advantage  of  the  lower  core  lots 
of  annealed  steel.  During  annealing,  the  crystal  grains 
enlarge  In  the  direction  of  roll. .The  resulting  decrease 
In  grain  boundaries  Increases  the  permeability  in  that 
direction.  However,  the  difference  between  roll  and 
transverse  directions  becomes  greater. 

The  3  HP,  2  pole  motor  design  was  again  used 
for  this  test.  Two  stator  cores  were  built  with  punch¬ 
ing  aligned  with  respect  to  the  direction  of  roll:  one 
of  annealed  steel,  the  other  of  non-annealed  steel. 
Table  3-12  lists  the  prominent  acceleration  levels 
for  the  X,Y,  and  Z  exes  and  the  stator  core  for  these 
two  motors.  The  rotational  frequency  indicated  In  the 
63  eps  band  shows  a  sporadic  variation,  as  does  the 
1,250  cps  band.  The  2,000  cps  band  containing  the 


rotor  slot  frequency  shows  on  av«roge__4  adb lower 
acceleration  level  for  the  non-annealed  core.  The 
double  rotor  slot  frequency  (4,000  cps  band)  reveals 
an  even  greater  change  especially  on  the  stator  core. 
The  8,000  end  If), 000  cps  bands  reveal  an  average 
20  adb  decrease  of  stator  core  vibrations  for  the  non- 
annealed  core.  This  effect  reveals  itself  to  only  a 
minor  degree  on  the  three  axes  on  the  motor  feet. 
These  high  frequency  magnetic-enduced  stator  vi- 
bi'atlons  are  greatly  attenuated  in  the  transmission  to 
and  through  the  motor  frame.  Thus  while  the  stator 
core  has  a  high  levelof  8,000  or  10,000  cps  magnetic 
vibration,  this  has  only  a  nominal  effect  on  the  mo¬ 
tor  noise  as  normally  measured  on  the  feet.  The  high 
frequency  bearing  noise,  on  the  other  hand,  Is  more 
easily  transmitted  to  the  feet  due  to  the  continuous 
peripheral  confect  between  the  bearings  and  the  bear¬ 
ing  housing. Tt\p*  the  8,000  and  10,000  cps  magnetic 
noise  revealed  1'n.ithis  test  does  not  invalidate  the 
statements  made  velsewhere  that  these  frequency 
bands  noririally  reflect  bearing  noise.  ''' 


"  "  |  YABLE  3-12  / 

Anneal  Stator  Car#  Test  \ 

_ Vibration  Acceleration  Levels  & _ 


Band 

Axis 

Annealed  Core 

Non-Annealed  Cere 

63 

X 

82 

82 

Y 

74 

79 

Z 

82 

81 

Core 

75 

75 

1,250 

X 

80 

88 

Y 

86 

86 

Z 

82 

79 

Core 

79 

78 

2,000 

X 

18 

79 

Y 

64 

85 

z 

M 

90 

Core 

90 

84 

4,000 

X 

B9 

88 

Y 

98 

94 

Z 

96 

90  ’ 

Core 

112 

92 

8,000 

X 

96 

93 

Y 

99 

93 

Z 

103 

101 

Core 

104 

13 

10,000 

X 

98 

100 

Y 

105 

100 

Z 

101 

98 

Core 

102 

80 

Overall 

X 

105 

105 

Y 

106 

104 

Z 

108 

105 

Core 

115 

103 

Valuta  taken  from  Spectrograms  3*24  through  3*27# 
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TABLE  3-13 


Anneal  Rotor  Coro  Toot 
Vibration  Aeealaratlon  Lavcli 


Band 

Axis 

Annealed  Coro 

Non-Annealod  Core 

63 

X 

95 

. 97  ' 

Y 

89 

91 

2 

81 

89 

Coro 

89 

88 

2,000 

X 

9,8 

97 

y 

96  “ 

z 

90 

90  1 

Core 

87 

88 

4,000 

X 

94 

92 

Y 

100 

96 

Z 

100 

98 

Core 

92 

92 

6,000 

X 

91 

88 

Y 

88 

86 

z 

86 

85 

Core 

97 

89 

8,000 

X 

96 

96 

Y 

94 

92 

Z 

B8 

88 

, 

„  Cgfjt  . 

82 

17.  . 

Overall 

X 

106 

105 

Y 

106 

104 

"  '  - 

Z 

TOT 

T03 

Core 

104 

101 

Vat u«*  taken  from  Spcctrograma  3*28  through  3-31. 


A  similar  toot  was  conducted  to  determine  the 
effect  of  annealing  rotor  punching*  on  motor  noise. 
Two  rotor  cores  were  built  for  the  3  HP  motor  similar 
to  the  stator  cores  previously  described.  As  Table 
3-13  indicates,  the  nan-annealed  rotor  core  caused 
slightly  less  vibration  (an  average  2  adb  overoil  re¬ 
duction).  The  greatest  difference  was  8  adb  recorded 
on  the  core  at  6,000  cps.  There  are  two  reasons  that 
annealing  of  rotor  punching*  has  less  effect  than 
annealing  of  stator  punching*. 

'  !)  The  skewing  of  rotor  punching*  reduces  the 
pole  effect  slightly. 

2)  At  no  load,  the  rotor  is  rotating  at  almost  syn¬ 
chronous  speed.  The  rotor  poie  effect  there¬ 
fore,  only  modifies  the' synchronous  flux  wav* 
to  a  slight  degree. 

These  two  tests  indicate  that  anneal  Ing  of  align¬ 
ed  punching*  increases  the  pole  effect  caused  by1 
grain  orientation  and,  therefore,  introduces  harmonics 
of  the  stator  core  vibrations.  However,  if  the  stator 
and  rotor  punching*  are  rotated  inthe  manner  describ¬ 
ed  in  the  previous  test,  the  pole  effect  is  not  pieient 
and  annealing  will  not  cause  an  increase  in  motor 
noise.  Annealed  punchings  should  be  used  only  If  the 
punching*  are  staggered  to  minimize  variation  in 
permeability. 


3.7  CONCLUSION 

The  predominant  source  of  induction  motor  mag¬ 
netic  noise  has  been  shown  to  be  the  radial  force 
waves  set  up  by  the  air  gap  flux  density.  The  im¬ 
portance  of  the  frequencies  produced  has  been  proved 
to  be  Inversely  proportional  to  the  fourth  power  of  the 
number  of  nodes  J6f  the  force  wave  producing  the  fre¬ 
quency  for  a  given  flux  density.  The  frequencies  and 
the  smallest  number  of  nodes  producing  each  fre¬ 
quency  are  given  In  Table  3-2. 

The  steps  that  may  be  taken  to  reduce  magnetic 
noise  are  these: 

1.  Use  of  low  air  gap  flux  densities.  Maximum 
density  of  40,000  lines  per  square  Inch  Is 
recommended.  However,  a  low  flux  density  is 
not  consistent  with  compact  motor  design. 

2.  Selection  of  proper  rotor-stator  slot  combina¬ 
tion  to  produce  high  node  foree  waves.  Ac¬ 
ceptable  combinations  are  listed  inTable3-7. 

3.  Increase  in  actual  or  effective  radial  thick¬ 
ness  of  stator  core.  Effective  thickness  Is  In¬ 
creased  by  frame  modification  such  as  cir¬ 
cumferential  fibs. 

4.  Us*  of  closed  rotor  slot*  and  narrow  neck 

«Mtivchss«d  sister  s-tot*. - — - 

5.  Selection  of  stator  coil  pitch  to  minimise  5th 
and  7th  hormone  of  gep  f density.  - 

6.  Skewing  rotor  bars  one  rotor  slot  or  one  stator 
si  at,  whichever  Is  the  greater  amount  of  skew. 

7.  Rotation  of  successive  stator  core  laminations 
to  minimise  permeance  variation  due  to  grain 
orientation.  Punching*  should  be  rotated  pre¬ 
ferably  by  45°  steps  or,  if  the  number  of  stat¬ 
or  slots  prevents  this,  by  90°  steps. 

8.  Laminations  should  bo  annealed  only  If  punch¬ 
ing*  are  rotated  as  specified  in  7. 
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SECTION  4 

BEARING  NOISE 


4.1  INTRODUCTION 

The  bearings  used  in  induction  motors  ore  a 
source  of  noise  and  vibration  because  of  the  sliding 
or  rolling  contact  of  bearing  components.  Two  types 
of  bearings  are  commonly  used:  sleeve. bearings  and 
bali  bearings.  The  former  type  has  sliding  contact 
between  components,  while  the  latter  has  a  combina¬ 
tion  of  rolling  and  sliding  contact.  (17)* The  relative 
merits  of  these  two  types  are  discussed  and  form  the 
basis  for  the  recommendation  of  using  bolt  bearings 
for  multi-purpose  motors.  Various :■>  studies  of  ball 
bearings  and  the  means  available  to  the  motor  manu¬ 
facturer  of  reducing  ball  bearing  noise  are  reported: 
The  effect  of  the  following  factors  on  bearing  noise 
were  studied: 

1)  bearing  preload  ' 

2)  shaft-bedring  j  vrfererice  fit 

3)  bearing  locknut'  \ 

4)  bearing  lubricant 

Recommendations  far  minimizing  bearing  noise  are 
summarized  In  the  conclusion. 


4.2  SLEEVE  BEARINGS 

A  sleeve  bearing  consists  of  a  rotating  journal 
or  shaft  in  a  stationary  sleeve  of  special  wearing 
material  whose  bore  it  several  mitt  larger  than  the 
shaft  diameter.  A  thin  film  of  liquid  lubricant  (usually 
oil)  is  provided  to  reduce  the  sliding  friction  between 
the  opposing  members.  This  simplicity  of  construction 
underlies  the  general  belief  that  sleeve  bearings  are 
quiet  compared  to  ball  bearings.  Howsver,  certain 
modifications  art  usually  made  In  the  basic  sleeve 
bearing  deslgnto  maintain  the  lubricant  film  and  there¬ 
by  to  Improve  the  bearing  performance.  These  modi¬ 
fications  generally  result  In  an  increase  In  bearing 
noise.  Sleeve  bearings  may  be  divided  into  two  cate¬ 
gories  based  on  whether  rotation  of  the  shaft  is  neces¬ 
sary  to  maintain  the  lubricant  film;  i.e,,  static  film 
beatings  and  dynamic  film  bearings.  <.  > 

In  a  static  film  bearing  the  lubricating  fluid  Is 
put  under  pressure  from  an  external  seuree  such  as  a 
pump  and  then  fed  te  the  bearing  surface  by  means  of 
certain  eavlties  or  slots  provided  in  bearing  surface. 
This  pressurized  film  which  separates  the  bearing 
components  and  eliminates  metal-to-meta I  contact,  is 
Independent  of  journal  rotation.  The  slotting  of  a 
sleeve  bearing  produces  an  additional  noise  frequency 
which  it  N  times  the  rotation  frequency: 


fbs  =  N  *  fr 


120N 

P 


4.1 


where  f  -  the  bearing  slot  frequency 
f,  =  the  rotational  frequency 
N  =  number  of-beoring-slot* 

P  =  number  of  poles 

The  external  system  needed  to  pressurize  the  liquid 
is  also  a  noi«e  source.  In  the  comparison  of  the  noise 
produced  by  differing  types  of  bearings  both  the  beor-  if 
Ing  and  the  means  of  lubrication  must  be  considered. 

A  dynamic  fluid  film  bearing  is  based  on  the  ec¬ 
centric  pump  action  inherent  in  a  sleeve  bearing.  Just 
as  a  common  pump  must  turn  to  produce  a  pressure, 
the  journal  in  a  dynamjci'Hilm  bearing  must  turn  to 
pressurize  the  liquid,  tffpressurized  liquid  Is  eop- 
oble.of  transmitting  sufficient  force  to  lift  the  journal 
from  the  mating  sleeve.  The  lubricant  film  maybe  con¬ 
sidered  as  a  series  of  laminar  layers.  The  innermost 
layer  of  the  liquid  will  whirl  around  with  the  journal; 

♦he  outermost  layer  will  be  stationary  on  the  sleeve 
surface.  The  viscosity  of  the  liquid  will  determine 
the  ease  of  relative  motion  of  layers  between  these 
two.  Note  that  without  relative  motion,  there  Is, no 
pressure  and  thus  no  support  from,  the  liquid.  At  stand- 
still,  the  liquid  U  pressed  out  From  tho  Fwo  bearing 
members,  and  during  a  subsequent  starting  there  will 
be  metol-to-metai  contact  and  therefore  war. 


‘Numbers  in  parenthesis  refer  to  references  listed  in 
the  Bibliography. 


A  dynamic  film  bearing  also  has  groove*  or  slot* 
cut  Into  the  sleeve  to  distribute  the  lubricant  to  the 
bearing  surface.  The  frequency  of  the  noise  produced 
by  these  elots.lt  that  given  by  equation  4.1-  Various 
meant  of  feeding  the  lubricant  to  the  bearing  grooves 
are  used: 

1)  Gravity  Feeding 

2)  Wick  Feeding  * 

3)  Flood  Lubrication 

4)  Pressure  Feed  (from  an  internal  or  self-driven 
system) 

5)  Oil-Ring  Feed 

The  noise  produced  by  these  lubrication  systems 
varies  from  slight  to  considerable.  The  more  exacting 
the  load  requirements,  the  more  complex  and  noisy 
the  lubrication  system  will  be. 

Certain  low  noise  aspects  of  sleeve  bearings  for 
integral  horsepower  motors  maybe  utilizedto  a  great¬ 
er  extent  In  the  near  future.  New  sleeve  materials 
having  low  coefficients  of  friction  and  sufficient  di¬ 
mensional  rigidity  may  eliminate  the  need  for  lubri¬ 
cated  sleeve  bearings  or  ball  bearings  in  many  appli¬ 
cations.  Among  the  materials  currently  used  only  for 
special  motors,  but  under  evaluation  for  broadef  ap¬ 
plications,  are  filled  and  unfilled  thermoplastic 
resins,  thermosetting  resins,  and  several  sintered 
metals  having  a  partial  fill  and  coating  of  plastic. 

Preliminary  studies  indicate  that  these  non-lub- 
ricated  bearings  will  hove  a  noise  spectrum  that  dif¬ 
fers  greatly  from  a  static  or  dynamic  film  lubricated 
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sleeve  bearing.  The  sliding  contact  between  two 
solid  bodies  will  produce  minute,  high  frequency, 
vibrations  regardless  of  low  coefficient  of  frieti 
and  proper  surface  finish,  while  the  interlaminar  flow 
of  a  lubricant  is  ideally  smooth.  On  the  other  hand,  a 
non-lubricqted  sleeve  bearing  has  two  decided  ad¬ 
vantages:  I),  the  sleeve  materials  are  normally  poor 
vibration  transmitters,  particularly  in  the  higher  fre¬ 
quency  ..barlids,  and  2)  the  provisions  for  constantly 
maintaining  a.  lubricant  in  the  bearing  gap  are  elimin¬ 
ated. 

Non-lubricated  sleeve  bearings,  therefore,  will 
create  very  little  motor  vibration  while  airborne  noise 
in  the  higher  frequencies  will  be  present  to  a  degree 
varying  with  the  wearing  characteristics  of  the  sel¬ 
ected  sleeve  material.  A  comparison  of.the  noise- 
producing  aspects  of  this  type  bearing  to'those  of  a 
ball  bearing  cap^enly  be  made  when  the  mfmarous 
sleeve  materials'  have  been  evaluated  and  developed 
for  application  In  the  integral  horsepower  frames.  At 
that  time  an  establishment  of  the  functionaland  noise- 
producing..,  relationship  between  non-lubricant  and 
special  ball  bearings  is  recommended. 

4.3  BALL  BEARINGS  # 

V.  AntUftlction-beisringi.  'uss  a  tniteof'roiito^  ei*^  - 
ments  such  as  balls  to  essentially  replace  sliding 
tfitfhti- wUh  ttsnxb  lower  friction  consisting  mostly 
of  rolling  friction  and  a  small  amount  of  sliding  be¬ 
tween  the  balls  and  raceways.  Ball  bearings  with 
their  numerous  components  moving  relative  to  each 
other  have  long  been  recognized  as  a  motor  noise 
source.  These  bearings  produce  both  random  fre¬ 
quency  and  discrete  frequency  noise.  Random  fre¬ 
quency  noise  and  vibration  is  caused  by  the  balls 
rattling  within  the  raceway  clearances  and  sliding  on 
the  raceways..  The  discrete  frequencies  of  noise  are 
produced  by  irregularities  of  the  ball  bearing  com¬ 
ponents  and  may  fie  determined  If  the  bearing  geo¬ 
metry  and  the  shaft  speed  are  known.  (18) 

The  following  symbols  are  defined: 
r  |  =  radius  of  inner  raceway 

r  0  =  rad  lull  of  outer  raceway 

r  £  =  radius  of  rolling  elements 

r^.  =  radius  of  train  of  rolling  elements 

E  -  number  of  rolling  elements  (numeric) 

np=  speed  of  inner  raceway  or  shaft  in  rpm. 

ny=  speed  of  train  of  rolling  elements  In  rpm. 

ng=  spin  (rotational  speed)  of  rolling  element* 
in  rpm. 

fn  =  fundamental  rotational  frequency  of  shaft 
In  cps. 


f  j—  fundamental  rotational  frequency  of  train  in 
cps. 

f_  =  fundamental  rotational  frequency  of  rolling 
elements  in  cps. 

fj  =  frequency  due  to  inner  raceway  In  cps. 
f0  -  frequency  due  to  outer  raceway  in  cps. 

P  =  number  of  poles 

According  to  the  geometry  of  the  bearings,  the 
radii  are  interrelated  as  follows: 


Clearance  is  neglected  here  because  the  nominal 
dimensions  provide  sufficiently  accurate  data  for  the 
calculation  of  frequencies.  The  speed  of  the  train  of 
rolling  elements  and  the  rotational  speed  of  the  ele¬ 
ments  may  be  calculated  as  follows: 

ri 

"t  ~  "  R  ITT 
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The  five  molt  prominent  discrete  frequencies 
produced  by  ball  bearings  are  listed  below. 

1)  The  fundamental  rotational  frequency  which 
appears  at  the  slightest  unbalance  or  eccent¬ 
ricity  of  the  inner  race  ii 

fp  =  nR  /60  cps  ''  4.2 

2)  Any  irregularity  of  a  rolling  element  or  the 
cage  causeilhoise  with  a  frequency, 

fy  =  nT^®  cpf  4.3 

3)  The  spin  frequency  of  a  rolling  element  is 

f  E  w  n^  /6Q  cps  4.4 

Any  rough  spot  or  indentation  of  an  element 
causes  a  frequency  component  fg ’  =  2  fg  be¬ 
cause  the  spot  hits  the  inner  and  outer  race 
alternately. 

4)  Another  frequency  occurs  if  there  is  an  Irregu¬ 
larity  (high  spot  or  indentation)  on  the  inner 
raceway 

f,  =  E  ("p-  rij)  /60  cps  4.5 

In  the  cose  of  many  spots,  the  harmonics  of  fj 
will  be  more  pronounced. 
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if 


5)  The  fifth  frequency  component  depends  upon 
the  existence  of  irregularities  on  the  outer 
raceway. 


f  =  E  nT  /60  cps 
o  T 
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The  speed  of  the  train  of  rolling  elements,  nj,  is 
roughly  1/2  the  rotational  speed,  n^.  Equations  4.5 
and  4.6  may  be  approximated  by  the  expression: 


f .  «  f  ft» 

i  o 


E/2  x  n  60 E 
— - — R=  —  cps 
60  '  P 
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Since  the  bearing  noise  is 'produced  by  irregu* 
lari t ie s  of  the  bearing  components,  it  follows  that 
reduction  of  bearing  noise  requires  a  reduction  in 
component  irregularities.  The  means  of  manufacturing 
quiet  ball  bearings  isbeyondthe  scope  of  this  study. 
However,  the  optimum  utilization  of  quiet  ball  bear* 
ings  is  treated  later  in  this  section. 

..J* 

4.4  RELATIVE  ADVANTAGES  OF  SLEEVE  AND 

BALL  BEARINGS 

A  sleeve  bearing  Is  Inherently  quieter  than  a  ball 
bearing.  The  advantage  of  a  sleeve  bearing  lies  in 
-Tt*  -- »rmpf)frrfy  df'i}e*1grr  irhleh  uttflt wr tr  mVtflnwm 
number  of  components.  One  disadvantage  results 
from  the  diametral  clearance  which  is  initially  sev¬ 
eral  mils  In  magnitude.  Under  load,  the  shoft  rides 
up  the  side  of  the  sleeve;  thus  the  relative  position 
of  the  rotor  with  respect  to  the  steter  is  both  a  func¬ 
tion  of  the  load  and  the  condition  of  the  bearing.  This 
variation  Is  undeslrabls  since  an  eccentric  air  gap 
reSults  in  unbalance  magnetic  forces.  A  more  import* 
ant  disadvantage  of  sleeve  bearings  lies  In  the  meth¬ 
ods  required  to  maintain  the  lubricating  film  between 
the  shaft  and  the  sleeve. 

The  major  advantage  of  ball  bearings  is  their 
high  performance  qualities.  They  ean  be  used  for  op* 
’plications  involving  high  sp^edi,  high  radial  and 
thrust  leads,  and  frequent  starts  with  prolonged  idle 
periods.  Ball  bearings  usually  are  grease  lubricated, 
thus  eliminating  noise  produced  by  lubricant  feeding 
devices.  The  Internal  clearance  in  a  ball  bearing  Is 
less  than  one  mil  and  does  not  Increase  with  bearing 
use, thus  eliminating  one  factor  in  maintaining  a  uni¬ 
form  air  gap.  The  disadvantage  of  ball  bearings  Is 
their  numerous  components  moving  atdifferlng  speeds. 
The  noise  produced  by  ball  bearings  is  dependent 
upon  the  sphericity  of  the  balls  and  the  surface  fin¬ 
ishes  of  the  components.  Recently  ball  bearing  manu¬ 
facturers  he))re  perfected  manufacturing  techniques  to 
the  point  thbt  they  can  produce  ball  bearings  meeting 
the  anderonj-equirements  of  MIL-B-1 7931  A,  Amendment 
2,  dated  16  September  1959.  The  anderon  is  a  unit  of 
measure  which  represents1!  the  vibrational  velocity  in 
the  radial  direction  in  microinches  per  radian  of  revo¬ 
lution  of  the  bearing.  The  magnitude  of  the  improve¬ 


ment  in  bearing  noise  is  considerable,  since  this 
amendment  essentially  reduced  the  permissible  vi¬ 
bration  by  5.0%, 

The  decision  as  to  which  type  bearing  to  use 
will  depend  upon  the  application  of  the  motor.  If  the 
motor  is  designed  for  a  specific  use  where  the  radial 
"  and  thrust  loads  on  the  bearing  ore  both  known  and 
not  excessive,- ’sleeve,  bearings  are  recommended. 
If,  however,  the  motor  is  a  general  design  for  multi¬ 
purpose  applications  or  if  the  bearing  loads  or  speed 
are  high,  ball  bearings  meeting  Amendment  2  of  MIL- 
B-17931A  are  recommended. 

Bearing  manufacturers  are  presently  attempting 
to  solve  the  problem  of  producing  shielded  or  sealed 
bearings  meeting  Amendment  2.  The  raceways  of  such 
havings  are  honed  or  specially  ground  to  obtain  an 
eccentricity  of  lest  than  25  millionths  of  on  inch. 
The  grooves  for  the  teals  or  shields  are  too  narrow 
(about  1/32”)  forgrindingand  must  be  cut.  The  neces¬ 
sary  heat  treatment  of  the  bearing  results  in  an  out- 
of-roundnass  of  these  grooves.  The  shield  or  seal, 
which  is  crimped  or  pressed  Into  the  outer  race,  tend 
to  deform  the  raceway. to  correct  this  out-of-round- 
ness.  Because  of  the  thinness  of  the  outar  raceway, 
the  force  exerted  by  the  shield  is  sufficient  to  cause 
deformcKon  of  fhe  order  of  500  millionths  of  an  Inch, 
br  JfrrtmBS  tfre  ratrsway  Totwan«i.  Ts  if tmlrrare  Tta 
deleterious  effect  of  these  warped  raceways,  only 
open  bearings  were  used  in  the  following  studies  and 
In  the  prototype  units. 

4.S  MEANS  OF  REDUCING  BALL  BEARING  NOISE 

Various  studies  were  made  of  ball  bearings  and 
the  means  available  to  the  motor  manufacturer  of  re¬ 
ducing  bearing-caused  motor  noise.  With  the  excep¬ 
tion  of  the  first  study  of  three  classes  of  bearings,  all 
tests  were  conducted  with  bearings  meeting  Amend¬ 
ment  2  of  MIL-B-1 7931  A.  The  test  data  furnished  Is 
that  taken  on  several  3  HP,  2  Pole,  184  frame  open 
motors.  The  effects  of  following  factors  were  studied: 

4.5.1  Bearing  Preload 

a)  Effect  of-preloadlng  three  classes  of 
bearings 

b)  Amount  of  preload  force 

c)  .Type  of  thrust  washer 

4.5.2  Shaft-Bearing  Interference  Fit 

4.5.3  Bearing  Locknut 

4.5.4  Bearing  Lubricant 

4.5.1  Bearing  Preload 

4.5.1a  Effect  of  Preloading  Three  Classes  of  Bearings 

One  of  the  best  known  methods  of  reducing  ball 
bearing  noise  is  the  use  of  a  thrust  washer  to  axially 
,,  preload  the  bearings.  This  washer  acts  as  a  spring  to 
exert  a  force  on  the  outer  race  of  the  ball  bearing. 
The  reactive  force  is  supplied  by  the  shaft- pressing 
against  the  inner  race  of  the  bearing.  This  force 
couple  across  the  bearings  takes  up  the  internal 
clearances  and  causes  each  ball  to  follow  the  same 
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path  on  each  bearing  raceway. 

Three  classes  of  bearings  meetinq  FF-B-171, 
Amendment  1,  and  Amendment  2  of  MIL-B-17931A 
respectively  were  investigated.  For  the  non-preloaded 
condition,  the  test  motor  had  axial  end  ploy  as  speci¬ 
fied  in  MIL-M-17060B.  For  the  preloaded  condition, 
a  bearing  housing  modified  to  accommodate  a  thrust 
washer  was  substituted  for  the  original  one.  Except 
for  the  bearings,  the  same  components  were  used  In 
the  three  tests. 

Table  4-1  lists  the  vibration  acceleration  levels 
for  prominent  one-third  octaves  and  the  overall  read¬ 
ings  for  this  study.  For  the  first  two  classes  o|  bear¬ 
ings,  preloading  has  detrimental  effeetwlth  the  princi¬ 
pal  exception  of  the  rotational  frequency  vibration 
(63  cps  band)  along  the  shaft  axis.  On  the  other  hand, 
preloading  bearings  meeting  Amendment  2,  MIL-B- 
1 793 1 A  results  in  an  appreciable  decrease  in  vibra¬ 
tion  in  all  prominent  frequencies  and  an  average  5 
adb  overall  reduction.  Note  especially  the  14  adb  de¬ 
crease  in  the  4000  cps  X  -  axis  vibration.  This  Is 
especially  interesting  as  the  4000  cps  band  primarily 
reflects  the  double  rotor  slot  frequency.  (See  Section 
3.) 

TABLE  4-1 


rattling  within  the  raceways  and  cage  and  improves 
balance  by  the  removal  of  bearing  looseness.  But, 
preloading  also  causes  the  balls  to  closely  follow 
the  surfaces  of  the  raceways.  If  the  surface  finish  of 
the  raceways  and  the  sphericity  of  the  balls  are  of 
high  quality,  then  the  bearing  will  run  smoothly  and 
thus  quietly.  However,  if  the  surface  and  balls  are 
not  of  this  high  quality,  preloading  may  cause  the 
balls  to  follow  surface  irregularitiei!  that  they  other¬ 
wise  might  have  skimmed  over.  Tile  reason  for  the 
large  reduction  in  4000  cps  shaft  axis  vibration  is 
not  known. 

During  these  tests  the  bearings  were  run  with 
the  amount  of  preload  force  Indicated  by  rule-of-thumb 
that  the  preload  force  in  pounds  should  be  five  times 
the  bore  size  l.e.,25  pounds  for  an05  bearing.  It  was 
observed  that  the  200  cps  band  is  erratic  and  highly 
sensitive  to  the  amount  of  preload  force. A  test  to 
determlnethe  optimum  amount  of  preload  forcebecamo 
necessary. 

4.5.1b  Amount  of  Preload  Force 

For  tf)is  test,  one  bearing  housing  was  milled 
out  to  accommodate  an  uncompressed  thrust  washer. 
Successive  tests  were  made  with  an  increasing  num- 
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1U  Fmm  9  Pit*  n-i— 

Ibt  rrifr  X  rffP  jVnrTvJ 

Vibration  Acceleration  Levels 


Amendment  1 

Amendment  2 

rr-E 

-171 

ttlt-E- 

I79S1A 

MtL-E- 

tmiA 

Band 

Axl* 

Unloaded 

Loadod 

Unloaded 

Loaded 

Unleaded 

Loadei 

63 

~x 

83 

80 

89 

as 

81 

so 

Y 

32 

B2 

86 

84 

78 

78 

Z 

81 

78 

82 

84 

76 

76 

200 

X 

73 

86 

79 

92 

* 

74 

Y 

66 

72 

81 

85 

74 

* 

Z 

66 

68 

80 

80 

72 

* 

2000 

X 

95 

95 

94 

95 

91 

89 

Y 

94 

97 

96 

100 

95 

90 

Z 

96 

94 

93 

97 

93 

91 

4000 

X 

102 

100 

94 

96 

100 

86 

Y 

91 

92 

95 

95 

89 

87 

Z 

96 

98 

96 

97 

97 

97 

10,000 

X 

101 

100 

101 

101 

100 

93 

Y 

104 

106 

101 

102 

106 

101 

Z 

102 

104 

100 

104 

102 

98 

Overall 
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109 

109 

107 

107 

107 

101 

Y 

toe 

109 

106 

109 

108 

103 

Z 

108 

110 

106 

109 

106 

103 

*  Voluet  less  than  70  adb  ware  below  range  of  recording 
paper  far  Spectrograms  4-3  through  4-6. 

Values  taken  from  Spectrogram  4-1  through  4-6. 


These  tests  reveal  that  preloading  all  threetypes 
of  bearings  eliminates  noise  caused  by  the  balls 


preload  force  was  determined  by  meaeuring  the  mini¬ 
mum  farce  applied  to  the  shaft  that  would  causa  the 
rotor  to  move  axially.  This  meaeured  force  includes 
the  frictional  resistance  of  the  bearing  O.D.  sliding 
within  the  housing  bore  as  well  at  the  preload  force. 
This  frictional  rasistance  Is  of  the  order  of  a  few 
pounds  and,  as  Figure  4-1  shows,  remains  constant. 
The  linear  characteristic  of  the  thrust  washerover 
the  normal  operating  range  could  only  result  In  the 
etralght  Jlne  portion  of  the  curve  ehown  In  Figure  4-1 
if  the  frictional  force  ware  constant.  As  the  friction¬ 
al  force  Is  both  small  and  constant,  the  meosured 
force  has  been  considered  to  be  equal  to  the  preload 
force. 
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Table  4*2  list*  the  adb  level*  for  important  one- 
third  octaves  for  various  amounts  of  preload  force. 
The  200  eps  band  shows  an  Initial  decrease,  then  a 
gradual  increase  reaching  a  peak  at  21.5  pounds  pre- 
loodfoliowed  bya  gradual  decrease. This  is  especial¬ 
ly  prominent  In  the  X  -  axis  readings.  The  other 
bands  show  an  Initial  decrease  and  than  either  remain 
essentially  the  same  or  increase  very  gradually  until 
excessive  preload  force(above  60 pounds)  is  applied. 
These  large  forces  cause  an  abrupt  increase  in  vibra¬ 
tion.  The  bearings  were  permanently  damaged  and 
subsequent  lowering  of  the  preload  force  did  not  re¬ 
sult  in  lower  vibration  levels. 

The  initial  decrease  noted  in  all  frequency  bands 
is  due  to  the  removal  of  Internal  bearing  clearance. 
Since  the  thrust  washer  was  original  ly  uncompressed, 
the  initial  measured  force  was  all  frictional  resist¬ 
ance.  The  minimum  vibration  levels  occur  when  the 
bearing  is  only  slightly  preloaded.  All  bands  other 
than  the  200  cps  band  either  remain  constant  or  rise 
so  slightly  that  the  range  of  7to  27pound*  effective¬ 
ly  results  in  the  same  noise  production,  l.e.,  a  broad 
minimum  exists.  The  200  eps  band,  however,  shows 
an  increase  of  20  adb  in  the  X-axis  reaching  a  max¬ 
imum  at  21.5  pounds  preload.  This  band,  which  has 
been  termed  “preieed  band"  due  to  its  sensitivity  to 
-tlys  qjBitimtof 

of  preload  farce  to  between  7  and  12  pounds.  Not* 
that  the  25  tkpT  indicated  by  the  rufe-orf-thumb  pre¬ 
viously  mentioned  causes  near  maximum  vibration  In 
the  200  cps  band,  Thle  feet  indicate*  the  optimum 
preload  farce  to  be  the  minimum  force  fhot  toke*  up 
the  internal  bearing  clearances. 

The  usual  method  of  preloading  beorings  is  to 
machine  the  bearing  housing  to  accommodate  a  thrust 
washer  as  used  In  the  preceding  test.  The  preload 
force  is  determined  by  the  amount  the  thrust  washer 


Preload  Amount 
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Prtioad  Porc«  In  Pounds  1 

Band 

Axis 

miL 

5.5 

7 

9 

1L5I 

WjS 

16j5 

19j5 

2L5 

24 

24.5 

29j5l 

32 

35.5 

44,5 

65 

J00 
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200 

T 

73 

73 

74 

76 

M 

IS 

88 

tT- 

93 

92.3 

n 

84 

84  " 
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82 

78  ' 

74 
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Y 

60 

73 

* 

4r 

71 

73 

75 

76 

79 

78.5 

78 

76 

74 

73 

72 

* 

* 

* 

Z 

71 

71 

* 

* 

* 

70 

72 

73 

74 

74 

75 

72 

72.5 

71 

71 

* 

* 

ft 
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X 

(3 

82 

71 

* 

* 

ft. 

70 

* 

ft 

• 

70 

ft 

* 

71 

71 

72 

72 

72 

Y 

82 

79 

74 

75 

76 

76 

77 

75 

75 

75 

75 

73 

74 

74 

74 

80 

78 

81 

Z 

88 

78 

80 

M 

79 

78 

79 

79 

78 

79 

77 

79 

78 

81 

79 
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84 

83 
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94 

89 

82 

82 

83 

82 

83 

81 

84 

81 

82 

80 

82 

83 

84 

85 

84 

Y 
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91 

84 

R3 

85 

83 

84 

83 

84 

85 

86 

86 

84 

83 

87 

88 

M 

Z 

98 

97 

88 

82 

81 

80 

81 

79 

81 

83 

82 

83 

82 

81 

82 

84 

84 

M 
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X 
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99 

94 

84 

87 

87 

88 

88 

88 

89 

89 

90 

91 

90 

90 

94 

96 

97 

Y 
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95 

90 

92 

91 
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91 

92 

93 

92 

91 

93 

93 

96 

97 
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90 

89 

90 
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94 

94 

94 
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90 

90 
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88 
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90 

89 

90 

90 

90 
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94 

94 
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90 
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95 

91 

91 

96 
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98 
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98 

99 

99 

98 
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98 

99 
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99 
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97 
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94 

98 
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95 

96 
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94 

97 

95 
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X 
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104 
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101 
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102 

101 

100 

101 

101 

101 

103 

102 

102 

102 

102 

103 

104 

104 

-  Values  lass  than  70  adb  war*  below  the  rang*  of  recording  paper.  Values  taker,  from  Spectrograms  4*7  through  4-24. 


must  be  compressed  to  assemble  the  motor.  The  norm¬ 
al  end  play  tolerances  are  such  that  maintaining  the 
small  amount  of  preload  force  Indicated  by  the  pre¬ 
vious  study  Is  difficult.  In  addition,  the  optimum  pre¬ 
load  force  has  been  determined  for  only  one  size  and 
make  of  bearing.  Additional  testing  Is  required  to 
-determine  if'  the  results' of  this  test  are  Indicative  of 
other  sizes  and  mokes.  „ 

A  means  of  adjusting  the  amount  of  preload  after 
motor  assembly  is  shown  in  Figure  4-2.  Use  of  such 
a  device  eliminates  relying  on  previous  test  and  com¬ 
pensates  for  production  variation.  The  preload  force 
Is  adjusted  by  screwing  the  preload  adjustor  in  or 
out,  thus  varying  the  compression  of  the  thrust  wash¬ 
er.  A  locknut  Is  used  to  lock  the  preload  ad|ustor  in 
the  position  resulting  In  minimum  noise. 
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4.5.1c  Type  of  Thrust  Washer 

A  test  was  conducted  to  determine  if  the  tyne  of 
thrust  washerhad  anyeffect  on  bearing  noise.  A  wavy 
spring  washer  having  three  point  contact  with  the 
bearing  outer  race  and  a  Belleville  washer  having 
continuous  contact  with  the  outer  race  were  tested. 
Since  the  spring  constants  of  the  two  washers  ure 
different,  a  bearing  housing  was  milled  out  to  accom¬ 
modate  either  uncompressed  thrust  wakher.  By  adding 
a  different  number  of  shims,  the  preload  force  was 
"  adjusted  to  12  pounds  for  each  test.  Spectrograms  of 
the  motor  vibration  were  practically  identical,  (Spect¬ 
rograms  4-25  through  4-28.)  Indicating  that  the  type 
of  thrustwasher  used  has  no  effect  on  bearing  noise. 

4.5.2  Shaft-Bearing  Interference  Fit  * 

It  is  necessary  that  the  inner  ring  of  a  ball  bear¬ 
ing  be  tight  enough  to  prevent  turning  under  load. 
This  is  accompl  is'hed  by  an  Interference  fit  between  the 
shaft  and  bearing  or  by  means  of  a  locknut;  or  a  com- 
"  bination  of  both  may  be  used.  When  the  bearing  has. a 
tight  fit  on  the  shaft,  the  Inner  race  expands.  A  study 
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Vibration  Acceleration  Levels 
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97 
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92 

93 

96 
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X 

96 

90 

96 

Y 

102 
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Z 
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R 
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F 
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X 
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Y 
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108 
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R 
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F 
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no 

in 

Values  taken  from  Spectrograms  4-29  through  4-34. 


was  made  to  determine  the  effect  that  this  expansion 
has  on  the  bearing  noise.  The  bearing  bore  dimen¬ 
sions  of  the  test  motor  were  measured  to  be  1.1810 
inches.  Three  special  shafts  were  made,  having  bear¬ 
ing  seats  1.1811,  1.1816,  and  1.1821  inches  in  dia¬ 
meter  respectively.  The  resulting  amounts  of  inter¬ 
ference  (.0001",  .0006"  and  .0011")  cover  the  range 
obtained  using  ABEC- 1  grade  bearings  and  tolerances. 
Vibration  readings  wersKtaken  of  a  motor  with  the 
bearings  on  the\shaft  withjjthe  smallest  interference 
fit.  The  bearings  were  *nen  carefully  removed,  the 
second  shaft  substituted  in  the  rotor  assembly,  the 
rotor  rebalanced,  and  the  bearings  carefully  pressed 
on  the  new  shaft.  The  same  procedure  was  used  in 
changing  to  the  .0011"  Interference  fit  shaft. 

Table  4-3  indicates  the  vibration  levels  for  all 
three  conditions  for  the'(X,Y,Z)  axes  on  the  motor 
feet  as  well  as  axldl  readings  taken  on  the  rear  and 
frdfft, bearing  housings  (designated  as  R  and  F  in 
Table  4-4).  Once  again,  the  200  cps  band  X-axis  re¬ 
flects  the  effect  of  slight  variations  in  the  amount  of 
preload  force.  This  test  reveals  that  minimum  bear¬ 
ing  noise  results  from  the  minimum  bearing-shaft  in¬ 
terference.  It  Is  recommended  that  a  light  press  fit  of 
between  0.G001"  and  0.0003"  be  used, 

The  bore1  to’heronce’  of'orr  AB^C-V'gfode 

bearing  would  require  that  the  bearings  be  individ¬ 
ually  measured  and  selected.  Use  of  higher  ABEC 
grade  bearings  reduces  (his  variation  and  is  mare 
compatible  with  the  internal  tolerances  necessary  to 
meet  Amendment  2  of  MIL-B-17931A. 

4.5.3  Bearing  Locknut 

The  light  press  fit  recommended  by  the  previous 
test  may  be  Insufficient  to  keep  the  bearing  Inner 
race  from  rotating  on  the  shaft*  If  this  proves  to  be 
true,  It  is  recommended  that  a  bearing  locknut  be 
used  rather  than  a  tighter  press  fit.  A  test  of  a  motor 
equipped  with  305  bearings  revealed  a  negligible 
change  In  bearing  noise  as  the  torque  on  the  locknut 
was  increased  from  xero  to  12  lb.  ft.  See  spectro¬ 
grams  4-35  through  4*38. 

It  should  be  remembered  that  preloading  of  the 
bearings  forces  the  Inner  race  up  against  the  shaft 
shoulder  and  this  olso  tends  to  prevent  rotation  of 
the  bearing  on  the  shaft.  The  disadvantage  of  using 
^  bearing  locknuts  is  the  possibility  that  they  may  be 
overtightened  and  deform  the  bearing  raceway.  Bear¬ 
ing  locknuts  should  only  be  used  where  necessary 
to  present  slipping  of  the  bearing  on  the  shaft. 

4.5.4  Bearing  Lubricant 

Two  tests  were  made  of  the  effect  on  motor  noise 
of  bearing  lubricant.  The  first  concerned  the  cleanli¬ 
ness  of  the  grease  used;  the  second  was  a  test  of  the 
relative  quietness  of  three  high  temperature  greases. 
For  the  first  test,  two  samples  of  the  brand  grease 
were  usr'I.  The  first  was  a  particularly  clean  sample 
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and  the  second  was  a  sample  rejected  for  high  dirt 
content.  The  dirt  counts  of  the  two  samples  are  furn¬ 
ished  in  Table  4-4  with  the  limits  set  by  the  bearing 
manufacturer, 

TABLE  4-4 
Dirt  Count 


Po/tleU  $lxe 

5  to  20m 
.0002" 
to 

.0908" 

21  to  50 |i 
.0008  n 
to 

.002" 

51  t«  75(t 
.002 11 
(0 

.003" 

Ovsr  75|i 
Over 
.003  " 

Maximum  Number 
Particle*  Permitted 

sooo 

2000 

50 

0  . 

Cleon  Greate 

468 

59 

/  0 

0 

...  ... 

Reject  Grease 

7652 

526 

1.68 

0 

The  dirt  content  permitted  bythe  manufacturer  is  less 
than  that  allowed  by  certain  military  specifications. 
For  example,  MIL-L-3545  sets  the  following  limits. 


Number  Permitted 


Particle  Si2e 

25n  or  above 
75  n  or  ab'o've 
1 25 n  or  above 


Note  that  both  grease  meet  the  military  requirements. 

The  test  motor  was  vibration  tasted  with  the  open 
bftgrinas.consecutiveJy.  iuMeeted-arfatiftw.s:  • 

1)  light  machine  oil 

2)  clean  grease 

3)  light  machine  oil 

4)  reject  grease 

5)  light  machine  oil 

The  following  method  was  used  to  remove  one 
lubricant  and  replace  it  with  another.  The  bearings 
were  not  removed  but  cleaned  on  thtj  shaft.  The  en¬ 
tire  rotor  assembly  was  submerged  in  clean  solvent 
ancf  the  bearings  rotated  by  hand.  The  bearings  were 
then  forced-air  dyed  and  the  process  repeated  with 
new  solvent.  The  bearing  grease  cavity  and  end  caps 
were  similarly  cleaned.  The  grease  was  placed  in 
bearings  and  grease  cavities  with  a  clean  stainless 
steel  spatula.  The  grease  cavities  of  the  bearing 
housings  and  end  caps  were  half  filled  with  grddse 
and  the  bearings  were  one-third  filled.  In  Table  4-5, 
the  prominent  one-third  octave  vibration  levels  are 
shown  for  the  three  axe*  on  the  motor  feet  and  for 
two  axes  parallel  to  the  shaft  and  measured  on  the 
rear  bearing  housing  and  rear  housing  hub  respective¬ 
ly.  The  reject  grease  caused  an  increase  in  the  mid¬ 
dle  frequency  range  varying  from  slight  to  20  adb  in 
the  1250  cps  one-third  octave  band.  Another  inter¬ 
esting  feature  of  this  test  is  that  cleaning  the  bear¬ 
ing  lubricated  with  the  clean  grease  and  replacing  " 
the  machine  oil  essentiallyduplicated  the  first  mach¬ 
ine  oil  readings.  The  dirt  in  the  reject  grease  possibly 
damagedthe  bearing  surfaces  since  a  similar  replace¬ 
ment  of  the  reject  grease  with  light  machine  oil  did 


not  reduce  the  vibration  to  the  previous  levels.  It  is 
recommended  that  lubricant  with  extremely  low  dirt 
content  be  used. 

TABLE  4-5 

Effect  Of  Crease  Dirt  Count 
Vibration  Acceleration  Levels 

|  Bond  |  Axis  |  Oil  |  CUon  Cwm  |  Oil  J  Iteject  OrsoTs  |  Oil  j 


63 

X 

78 

81 

78 

81 

78 

Y 

ft3 

es  '-v 

82 

83 

82 

z 

86 

85 

86 

86 

84 

Hsg. 

76 

78 

76 

80 

79 

Hub. 

* 

76 

* 

74 

* 

1250 

X 

88 

86 

90 

94 

86 

Y 

86 

87 

86 

85 

87 

Z 

85 

85 

83 

88 

83 

Hsg. 

81 

80 

80 

97 

78 

Hub. 

94 

90 

90 

no 

92 

2000 

X 

81 

81 

80 

88 

80 

Y 

86 

85 

86 

89 

86 

Z 

89 

89 

85 

87 

86 

Hsg. 

80 

81 

77 

78 

76 

Hub. 

78 

74 

73 

85 

79 

4000 

x'> 

87 

87 

.87 

92 

89 

Y 

97 

97 

96 

99 

97 

Z 

92 

89 

86 

89 

86 

-Hu. 

Tfuo7 

-S2.-. 

- -M- - 

ir - Min: - 

.  96 

'65 

79 

79 

92 

80 

X 

9» 

n 

95 

W 

Vi 

Y 

95 

96 

96 

92 

90 

Z 

92 

93 

92 

92 

93 

Hsg, 

96 

98 

98 

103 

100 

Hut. 

96 

97 

95 

97 

96 

Overall  X  100  102  100  104  103 

Y  102  102  102  105  103 

Z  101  "  102  101  104  102 

Hag.  102  10$  103  111  105 

Hub.  |  103  105  I  1021  114  MPa 

‘Values  leas  than  70  odb  were  below  range  of  recording 
paper. 

Voluet  taken  from  Spectrograms  4-39  through  4-48. 

Care  must  also  be  taken  to  maintain  the  clean¬ 
liness  of  the  lubricant.  Improper  relubrication  can 
permanently  damage  the  ball  bearing  surfaces.  The 
grease  used  for  relubrication  should  have  as  low  a 
dirt  count  as  the  original.  ‘Extreme  care  should  be 
exercised  so  that  no  impurities  from  the  grease  open¬ 
ings  or  the  surroundings  can  pollute  the  lubricant. 
The  housing-bearing-end  cap  grease  cavity  should 
never  be  completely  filled.  If  the  bearings  are  re¬ 
greased  while  the  motor  is  not  running,  the  bearinge 
will  be  completely  flooded  with  grease.  The  viscous 
friction  of  the  balls  churning  through  the  grease 
causes  overheating.  This  heat  will  melt  the  grease, 
which  Will  then  flow  out  into  the  motor.  However, 
operation  at  high  temperature  and  with  the  soap  part¬ 
icles  as  well  as  the  oil  in  the  path  of  rotating  balls 
will  result  in  permanent  surface  damage.  The  dangers 
of  overlubrication  ore  greot  enough  that  it  is  recom- 
mended  that  the  bearings  be  relubricated  as  seldom 
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as  possible.  If  relubrication  is  necessary,  a  high  de¬ 
gree  of  cleanliness  must  be  maintained.  Although  it 
is  not  normal  practice  for  shielded  bearings,  an  open 
bearing  should  be  relubricated  with  a  limited  amount 
of  greose  with  the  motor  running. 

The  relative  quietness  of  three  high  temperature 
greases  were  tested.  The  greases' wet's  replaced  in 
the  same  manner  as  in  the  previous  test.  Table  4-6 
furnishes  the  adb  levels  for  the  promi nent  one-third 
octaves  for  the  following  cori'secutive  lubricants: 

1)  light  machine  oil 

2)  Andok  260  Grease 

3)  light  machine  oil 

4)  Aero  she  1 1  SA  Grease 

5)  light  machine  oil 

6}  Texas  TG  3007  Grease 
7)  light  machine  oil 

The  difference  between  the  three  greases  was  not 
great  but  the  Aerosheil  5Aappeared  to  cause  less  vi¬ 
bration.  This  grease  was  used  as  the  bearing  lubri¬ 
cant  for  the  prototype  motors. 

TABLE  4-6 


Grease  Type  Test 
Vibration.  Acceleration  J-av-e]*. 


,EZSH 

39! 

39 

r«xaa  3007 

m 

125  - 

X 

75 

— ST  - 

SH1HH 

6< 

Y 

34 

81 

tj 

.19 

91 

85 

86 

Z 

80 

86 

84 

86 

86 

H*g. 

76 

83 

aa 

81 

85 

Hub 

78 

80 

85 

100 

88 

80 

85 

200 

X 

87 

86 

89 

75 

m 

79 

83 

Y 

83 

74 

80 

72 

SI 

73 

78 

Z 

83 

70 

71 

* 

71 

71 

72 

Hsg. 

86 

88 

78 

87 

76 

89 

Hub 

79 

86 

86 

80 

83 

74 

83 

1000 

D 

SI 

88 

84 

85 

87 

85 

95 

u 

ul 

90 

87 

87 

87 

87 

B6 

wM 

90 

88 

85 

85 

B6 

85 

84 

98 

98 

98 

91 

95 

93 

96 

JJJj 

109 

107 

99 

102 

103 

93 

95 

n 

103 

102 

98 

95 

97 

94 

97 

m 

Y 

102 

99 

103 

98 

99 

98 

m 

z 

99 

98 

95 

92 

96 

95 

96 

m 

87 

88 

87 

75 

88 

78 

93 

HI 

tsa 

95 

92 

92 

82 

90 

W 

92 

91 

88 

94 

91 

96 

95 

95 

mu 

99 

98 

95 

94 

96 

95 

96 

HI 

93 

91 

98 

96 

98 

96 

96 

■ 

US 

98 

102 

100 

102 

101 

97 

■ 

BH 

93 

90 

102 

96 

98 

100 

Ulili 

■Ml 

■mm 

n 

Hif 

mm 

106 

105 

106 

106 

n  j 

■Hi 

108 

104 

106 

106 

HI 

|T  : 

mm 

106 

103 

105 

104 

105 

HHK 

It*  " 

HU 

106 

106 

107 

106 

106 

tsSj 

112 

Kfl 

111 

no 

11C 

111 

no 

‘Values  less  than  70  adb  were  below  range  of  recording 


paper. 

Vaiues  taken  from  Spectrograms  4-49  through  4-62. 


It  wos  noted  that  all  three  greases  resulted  In 
less  noise  thanthe  light  machine  oil.  This  was  some¬ 
what  unexpected  since  grease  Is  composed  of  mineral 
oil  and  soap.  The  soap  acts  only  as  a  carrier  of  the 
lubricant  and  once  the  grease  has  been  channeled, 
the  bearing  is  lubricated  by  an  oil  film.  Soap  particles 
that  migrate  into  the  path  of  the  balls  are  either 
thrown  out  or  the  balls  must  roll  over  the  obstruction. 
Either  way  noise  is  produced.  Perhaps  grease  lubri¬ 
cated  bearings  are quieterthan  oil  lubricated  bearings 

because  the  grease  also  acts  as  a  damping  agent. 

0 

4.6  CONCLUSION 

An  appraisal  of  the  application  of  sleeve  bear¬ 
ing*  to  squirrel  cage  inductlon^motors  in  the  1-100 
HP  range  indicates  the  probability  of  attaining  noise 
reduction  when  the  bearing  is  designed  to  a  particular 
speed  and  a  moderate  radial  or  thrust  loading.  The 
design  and  means  for  noise  reduction  of  these  bear¬ 
ings,  either  lubricated  or  non-lubricated,  were  net 
included  in  this  study.  Ball  bearings  meeting  the 
anderon  limits  of  Amendment  2  of  MIL-B-17931A  are 
recommended  for  motors  designed  for  general  appli¬ 
cations,  heavy  external  loading,  or  prolonged  periods 
at  rest.  The  following  recommendation#  are  mad#  to 
atUUwm-  fceH-  tearing  ew*ad  mater  ndVter - 

))  Use  of  ball  bearing*  meeting  Amendment  2  of 
MIL-B-17931A. 

2)  Boll  bearings  should  be  preloaded  by  use  of  a 
thrust  washer. 

3)  The  amount  of  preload  force  should  be  the  min¬ 
imum  that  takes  up  the  Internal  clearance.  If 
means  for  adjusting  the  preload  are  provided, 
the  preload  should  be  adjusted  to  give  mini¬ 
mum  motor  noise. 

4)  An  Interference  fit  of  between  0.0001  and 
0.0063  Is  recommended  for  the  shaft-bearing 
fit.  Use  of  ABEC-5  or  higher  bearings  is  an 
aid  In  obtaining  the  light pressfit  and  is  more 
compatible  with  the  internal  tolerance  neces¬ 
sary  to  produce  a  low  vibration  bearing. 

5)  Where  bearing  locknuts  must  be  used,  they 
should  be  no  tighter  than  necessary  to  prevent 
rotation  of  the  inner  raceway  on  the  shaft. 

6)  The  dirtrnunt  should  be  determined  for  sample 
quantities  of  grease  used  In  service  oratplace 
of  motor  manufacture.  It  it  recommended  that 
limit  as  to  the  maximum  dirt  count  permissible 
for  lubrication  of  low  vibration  bearings  be 
established. 


4-8 


70  adb 


o  arc  r.tuu’  v.  o 


Ill 


S4-23 


minium 


niiirsMin 


n'BM 


iBiiiimiiiiiiriiii 

BBSSESSBBBiBBBBgfr-rean 

nmiiiiiiiiliuMil 

raniiiiiiiii 


Snail 

aiiimiiiiMiniBiiSai 


mu  ■■■■■■■■■I  ■■■■■■■■■■ 

gBHuuiPiiiiniilnnil 

SMiBsmiisgsd 

ujiiiniiiimiiiimiiiG 

lllllllllllllliiiimii: 

lllllllllllllllllllll!!! 

iiiiiiiiimiiiuiiiiiiiii 


uSSSSSSBBXEn'89 

iltlili 

iaiiiia 

gggfHfl 

jjjjjjjjjjmjlliull 


assasssssilii':  IS 


jjjgjlHfiHiiim 


■■ 

■Ei 


■■■il 


UUUUU1UI 

illlllBIIM 


B 

1 mm 


■■*»■■■■■  iHil 

5!M!BBBBBBBBBPi  - 1  - II  , 
imwHHmwimmiil 

Vlllllllllllllllllllissssl 

m'mminynniiK! 


II 


SllillUIIIIIIIIIIUI 

iiniiiiiiiiiiii 


■■■■■■■■■■■■■■■■■■■■■■■Lilt 

!»!ninB!»:h;.d 


S4-29 


lifiiiiimiiiiiiiiniim 

pillllllllllllllllllllllE 
i  ii  iiHiuij  nil  iinii 

aiasianiis::!! 

ii!H  llimilllllllllE 

■ii’iHIBHIBlIHIH 


■('-•■■■■■■■■■■■■■■■■■■■ii 

iU'BEBfllB3EESE!!!!!!B:| 


■■■ill! 

8BlBw5mw 

HMIlIRBiHIMIIMI 
Jiiiiiiiiuiiiiiigiiiiiiiii 
lm  immmHiiiiiiinL 


IllllliJIllllllllllllllh, 

lllliilll  I  IIIIIIIIIIIIE 


II  HI! 


mimiiim 


he 


iiiiiiiiiibEW 

IKSSiSiSSSSiiiiimSSiSiSil 

uiuiiiiins^i 


□...{....s-msyu 


liiiilBa  iiia^iSI 


. . 

iiiiiiiiiiiiiiiiiiiiiJ 
lllllllmllllllllln 
■llllllllllllll^iH 

SSiiSSSSSuSSiSSSiSSSS'iSI 

iiiiiiiimiiiiimiiiaml 

iiiiiimiNBRBsaiiiimnl 

IIIMIIIIIIIIIIIIIBBSSSBII 


mill! 

liiliiimiiwifi 

mwumuum 


mna  ■■■■■  mm  imuinri: 

BIHIMimSiliMIHlIHlI 


j 


pmimiEiiiii 


■■■■■■■ 


■ji 


I|||||||IIIIIIIIIH>mHII| 

llllllllllllllllllllllltf 

. . Ill 

IHIIlSHMimilllllllKfl 


m!miii!ii]!i!!i!i!a!il 

IHIIIIHIIHIHUKBBBBBl 

mimiiiiiiiiHiii 


II 


ilHiimiiiiliiiii 


S4-37 


r 


IT  '-fi  t 


S’ 


Irot 

ci 

C| 


4' 

'9 


•I  •* 


R 


0  (>C  C  f;  G 


KllllllllBSSSl 

iimiiimuimiiiii 

■  ymmiiiiiiim 


iHUHIHIUpliinunuil 

IjjgmB'BimKSiiaal 


Be4Bbiibccbii  ■iiaiHHitL.  ■■mil 

limiiiiiiiiinmiiiijl 

lllllltllllllllllli; 

KmfiiiiimiiiilRRIRI 

ii HiuniiM 

Tniiiuiiiuiiiiiiniii 

I  niiiiiiiiiiiiinm 

. . . 

uiBNiiiiiiiiiiiinaiisssnil 

NniilllRlllllllllllllli.»| 

h|iiiiniii|iniiiiiHi:;l 


imifMl 


miiiiiiiiiiHiiiiiimil 

tsiiiiiiiiiiii;iiiiiiiiiii 

BiSSiB 

jiiliiiiEIIOjiiiiiii 

IliilliMi 


I:::::::::::::::::;:..:;;;! 

■■iHiiilllillll 


biilllllllill 

"  IHIIIHIIllIIIil! 


•  ■■■■■■■■■■■■■■■■■■■a,;,,.! 

siiiiiiihiiibuhhiiibM 

iiilllllilllilllliKiSsniil 

imimmmmii;; 


mimiiiiiiiiimiiiiii 


liliiiil 


iiSSS 


ill 


jiiiniiiiiRiiKiniiiiiiii 

ISiiiSSSSiiSSihSSSSSiShiI 

IuiuiiiIbiiih'SiSSSIIBI 

BBS»gg|3ggg*gI5Bgjgl 

iiiyiiitiiiiui 

■PnnffiHRnnffll 

HiimiiHnimiG 


■— Mwaaflail 
aiMiwjjniMH«gj|| 

iiiiiiiimiiiimll^ai 


|  HHHHm-HItllWItt 

S  llllllllllllllllllllli!ll 

piiiiiiiiiiiiniEn 

s  imiinnniiEiii 


■■■■■aaaiaaBaaaiaaaaaaaarU 
■■■■■■■■■a ■■■■■■■■■■■■■■•I 
IHIIIHIIllIIIil  (lIHHlI 

iiiiiiiiiiiiiiiiifsssainl 

IIIIIIIIIIIIIIIIIIIISIHSl 


imimiiiiiiiiiiiiiiii; 


3°  t? 


liftii. 

J!&hJ 


II  HHIII 


■  RpppispsiiH 

BHifgllligtllimiimill 

liMimiifiiniiHiiiiiiL 


ililSS ! !!  |S!i 

IhiiiiiIiiiiii  i  Imniii 
miiiiiiiggiiiiiiiiimiil 


lUllllIBHglgllllllllllSSl 

Imiiiih . . 

lllllll  IIIIIIIIIIIMl 

■■Bawl 


\  iSSiiS8nil!!!S8BSSSSSiSi| 


HIP! 


uaiii 


iBa!SSr!!SSSSSSSS:SS| 

. . Mini 


IIIIIIHIIIIIIIkiiiiElllllF 

!!!!!!!!!!!l!llllllllK.-| 


^S!!!!!!!|lll!lllliiniiil 


■■iihhShhSSiiBuSSihsI 

IllllllilllllllllllllE! 

miiiiiiiiiiiiimiiimi 


iOs 


I 

i .. 


> 

* 


i 


SECTION  5 

FAN  NOISE 


5.1  INTRODUCTION 

Fen  noise,  differs  from  the  majority  of  motor  noise 
In  that  It  is  created  In  the  alrstream  rather  than  In 
the  motor  components,  Thus  this  noise  is  created  as 
airborne  noise  rather  than  as  vibration.  For  fan  noise 
to  appear  as  motor  vibration,  a  transducing  element 
is  required.  Vibration  tests  of  drip-proof  protected 
and  totally-enclosed  motors  with  and  wlthoutfans  In¬ 
dicate  that  motor  components  do  not  readily  transduce 
this  fan  noise  Into  vibration. 

Fdn  noise  has  received  considerable  attention 
In  the  pAst,  not  only  with  respeet  to  eleetrle\iotors, 
but  othet'typos  of  equipment  such  as  blowers  and  air 
conditioning  Units.  The  method  of  reducing  fan  noise 
are  generally  well  known  arid  will  only  be  reviewed  in  .. 
this  section  where  they  apply  to  specific  noise-pro¬ 
ducing  areas  in  dripproof  protected  and  totally  en¬ 
closed  motors,*  In  addition,  special  fan  dimensions 
and  configurations  were  fabricated  and  tested  to  estab¬ 
lish  the  degree  of  noise  reduction  attainable  by  devi¬ 
ating  from  high  production,  bi-directional  fan  designs. 

Fan  noise  consists^fthree  principal  components 
"which  are  treated  In.  the.  fallowing,  subt— ctioo*<- - - 

5.2  Turbulence  Effect 

5.3  Siren  Effect 

5.4  Whistling  Fffeet 

The  means  of  reducing  fan  noise  are  summarized  in 
the  conclusion  of  this  section. 

5.2  TURBULENCE  EFFECT 

Air  turbulence  noise  is  random  frequency  noise 
caused  by  vortices  in  the  alrstream,  or,  more  speci¬ 
fically,  any  lateral  component  of  air  velocity.  The 
air  turbulence  may  be  produced  by  either  the  fans 
moving  relative  to  the  alrstream  or  the  alrstream  mov¬ 
ing  relative  to  a  stationary  member.  Minimizing  this 
noise  calls  for  the  elimination  of  sharp  edges  and 
burrs  on  all  parts  In  contact  with  the  alrstream.  It  re¬ 
quires  aerodynamlealiy  designed  fans,  fan  bowls, and, 
in  fact,  the  entire  alrstream  path.  The  alrstream  path 
through  a  dripproof  protected  motor  does  not  lend  it¬ 
self  to  aerodynamic  deslgn'fo  the  degree  that  the  alr¬ 
stream  over  a  totally. enclosed  motor  does.  Therefore, 
minlmlzfngthe  air  turbulence  effect  of  these  two  types 
of  motors  Is  treated  separatf  'y. 

>  ! 

5.2.1  Dripproof  Protected  Ml  lets 

Dripproof  -protected  motor*  are  cooled  by  air 
drown  into  tK*  interior  cf  the  motors  cr,d  ih«  ex¬ 
posed  winding  and  core  by  internal  fans.  Most  manu- 

*For  a  more  extensive  treatment  of  fan  noise  in  gen¬ 
eral,  the  reader  is  referred  to  Chapter  25,  Handbook 
of  Noise  Control  (Reference  18  in  Bibliography). 


facturers  use  fan  blades  cast  as  on  integral  part  of 
the  rotor  end  ring,  and  these  fan  blades  are  invariably 
of  a  purely  radiol  design.  This  construction  Is  dlctat- 
ed  j>y_the_d_ej»irablllty-of-the-bi-dlrsctlonol-  operation. 

Two  cooling  methods  are  preseotly  used;  end-to- 
end  and  end-ta-conter.  In  the  end-to-end  method,  the 
cooling  olr  is  drown  in  through  one  bearing  housing 
ond  oxhausted  out  the  other  bearing  housing,  which 
does  not  contain  an  air  deflector.  The  rotorfan  blades 
at  this  end  serve  only  to  prevent  dead  air  spaces  and 
resulting  hot  spots.  In  end-to-center  construction,  air 
Is  drown  in  through  both  bearing  housings  and  ex¬ 
hausted  through  openings  "in  the  motor  frameT  This 
method  results  In  more ■  uniform  cooling;  therefore, 
less  air  I  s  needed. 

The  most  effective  way  of  reducing  fan  noise  is 
to  reduce  the  amount  of  air  drawn  in  by  the  fan.  Low 
current  and  flux  densities  should  be  incorporated  into 
thii  motor  design.  Also,  sufficient  steel  and  iron  must 
be  used  to  conduct  the  internally  generated  heat  away 
to  the  exterior  of  the  motor,  where  the  motor  may  lose 
this  heat  by  convection  and  radiation.  The  rate  of 
heat  transfer  Is  a  function  of  the  temperature  differ- 


i.e.,the  temperature  rise.  A  quiet  meter  should  be  de* 
signed  to  operate  at.  9  temperature  nee?  tb*  bnvbh  _ 
tlon  class  limit  to  fully  utilize  the  insulation  and  to 
optimize  the  efficiency  of  heat  removal. 

Economy  of,  manufacture  ha*  prompted  Industry 
to  use  one  rotor  end ring  die  for  motors  with  morethan 
one  rating  or  speed,  l.e.,  a  four  and  a  six  pole  meter 
may  hove  the  same  fan.  This  results  in  economical 
construction  rather  than  the  most  quiet  or  most  effi¬ 
cient  cooling  system.  The  optimum  fan  blade  length 
Is  a  function  of  many  variables  such  as  tha  physical 
geometry  of  the  olr  path,  the  amount  of  hoot  generat¬ 
ed,  and  the  amount  of  heat  removed  by  radiation  or 
conduction.  A  general  formula  for  determining  the 
length  of  fan  blade  would  be  complex  and  can  better 
be  determined  experimentally,  The  experimental  meth¬ 
od  consists  of  multiple  heat  runs  with  varying  fan 
blade  lengths. 

This  method  is  illustrated  by  the  following  test 
of  the  effect  of  shortening  the  axial  length  of  east 
rotor  fan  blades  of  two  motors: 

1)  o  3  HP,  2  Pole,  184  frame  open  motor  and 

2)  a  3  HP,  4  Pole,  184  frame  open  motor 

The  two  pole  rotor  core  had  a  4  inch  O.D.  and  was  3 
Inches  long,  The  corresponding  four  pole  dimensions 

_ were  4)5  and  3)5  inches  respectively.  =Ths  airborne - 

nnltA  nnA  »j«*«  matured  fw  the 

original  fan  blade  lengths  and  for  various  fractions 
of  these  lengths. 

The  airborne  noise  produced  by  these  motors  at 
varying  fan  blade  lengths  was  so  nearly  Identical  that 
only  the  curve  for  the  two  pole  motor  is  plotted  in 
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THEMPERATUHE  RISE  —  t,  Lp—  U*citol» 


Figure  5-1.  The  airborne  noise  curve  is  a  plot  of  the 
overall  sound  pressure  levels  recorded3feet  from  the 
front  end  of  the  motor  which  are  representative  of 
those  recorded  at  other  positions.  (See  Spectrograms 
5*1  &  5-2)  Reducing  the  fan  blade  length  resulted  in 
a  decrease  in  airborne  noise  except  at  zero  length. 

This  increase  in  noise  is  probably  caused  by-thebal- - . 

aneing  method.  Since  the  balancing  lugs  were  also 
removed  for  the  zero  length  test,  holes  were  drilled 
in  the  end  ring.  These  spectrograms  reveal  that  the 
predominant  peaks  of  airborne  noise  most  effectively 
reduced  by  shortening  the  die  cast  rotor  fan  blades 
were  at  250  and  800  cps  bands.  The  latter  frequency 
band  was  the  highest  in  the  sound  pressure  level 
spectrum,  and  a  reduction  of  this  band,  therefore,  re- 


only  a  few  degrees  below  the  "level"  temperature 
rise.  Thus,  this  minimum  is  mainly  of  academic  in¬ 
terest.  However,  it  illustrates  the  ineffectiveness  in 
inereasingthe  fan  blade  length  beyond  a  certain  point. 

Note  that  this  motor  not  only  has  excess  fan 
blade  length  but  also  operates  at  a  temperature  con¬ 
siderably  below  the  insuiation  cldssllmlt  (40°C  for 
a  class  A  motor).  Therefore,  for  minimum  noise  the 
fan  blades  should  be  shortened  to  less  than  25%  of 
the  original  length.  Because  of  the  steepness  of  the 
curve  In  this  region  a  tolerance  for  production  varia¬ 
tion  should  be  used. 

The  temperature  rise  curve  of  the  two  pole  motor 
closely  resembles  and  expanded  curve  of  the  0  to 25% 
region  of  the  four  pole  motor.  This  two  pole  motor 


suits  in  a  corresponding  decrease  inthe  overall  level. 

FIGURE  5-1 

l  TEMPERATURE  RISE  AND  NOISE 

I  VS 

so  L  l  fan  blaoe  length 


.TP  MR.  RISE  3 HP 


TEMP  RI8E  3  HP  SPOLE 


Illustrates  a  motor  with  the  optimum  fan  blade  length 
for  class  A  insulation.  If  this  motor  had  class  B  in¬ 
sulation  the  fan  blade  should  be  shortened  to  30%  - 
40%  of  the  original  length  to  take  advantage  of  the 
4db  decrease  in  sound  pressure  level. 

It  is  recommended  that  the  fan  blade  length  of 
drlpproof  protected  motors  bechosen  to  result  In  a 
temperature  rise  slightly  under  the  Insulation  class 
limit  to  allow  for  production  variation.  New  end  ring 
dies  can  be  made,  or  the  fan  blades  made  by  existing 
end  ring  dies  may  be  shortened  at  the  some  tfme  the 
•w&v'Tel  uriVed~duwti~fcr  tfirrrtrgBpr 

An  attempt  to  realize  less  fan  noise  was  made 
fcy  ItmiTtng  rhs  motor  to  one  direction  of  rotation.  Sev¬ 
eral  back wcrdly  Inclined  fabricated  fans  were  fasten¬ 
ed  to  the  rotor  of  The  two  pole  motor  which  had  the 
fan  blodes  removed,  as  »hown  in  Figure  5-2.  Tabie 
5-1  reveals  that  these  units  produced  almost  Identical 
airborne'  readings  for  various  temperature  rises  as 
those  for  the  standard  (radial,  die-cast)  fan.  The  15 
and  60  degree  designations  in  Table  5-1  refer  to  the 
Intersection  angle  between  tangents  at  the  extreme 
ends  of  the  curved  blades. 


FIGURE  5-2 


80  78  IOO 


PERCENT  OP  ORIGINAL  FAN  SLADE  LENGTH 

Figure  5-1  reveals  that  the  temperature  rise  vs. 
fan  blade  curve  of  the  four  pole  motor  has  an  Initial 
sharp  decrease,  rises  slightly,  and  then  becomes  lev¬ 
el.  Notice  that  the  motor  has  a  slightly  lower  temper¬ 
ature  rise  at25%fan  blade  length  as  with  the  original 
fen  b!odes.-Thc  25%  fa.T  blade  length  moves  a  volume 
of  sir  ct  s  velocity  Lwificlcr.?  to  remove  the  hear  ur 
the  same  rate  at  it  is  generated.  The  remaining  75% 
serves  only  to  create  additional  fan  noise  and  wind¬ 
age  losses.  This  minimum  temperature  rise  occurlng 
between  the  steeply  sloped  and  the  level  sections 
has  been  observed  on  a  number  of  units  and  is  always 
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TABLE  5-1 


Undlrectlonal  Fan*  (or  Drlpproef  Motors 
Sound  Pressure  Levels 


Band 

Axis 

Rad  ial 

Backward 

15° 

Inclined 

60° 

200 

Front 

37 

40 

35 

Sid* 

36 

35 

32 

250 

Front 

46 

47 

44 

Side 

44 

43 

42 

315 

Front 

52 

52 

52 

Side 

52 

52 

54 

400 

Front 

50 

50 

46 

Sid* 

51 

52 

47 

800 

Fro1'* 

49 

48 

44 

Side 

53 

51 

49 

Overall 

Front 

59 

59 

58 

Side 

60 

60 

59 

Value!  taken  from  Spectrogram*  5*3  through  5 ■  5. 


the  motor  as  shown  in  Figure  5-4.  Spectrogram  5*6 
reveals  the  use  of  such  a  combination  to  result  in  a 
7db  decrease  of  the  overall  noise  produced  by  a  40 
HP  motor  over  that  produced  by  the  propeller  type 
unidirectional  fan,  originally  used. 

FIGURE  5*3  .  _ 


The  lower  air  velocity  and  turbulence  over  the 
trailing  edges  of  a  backwardly  Inclined  fan  blade,  ai 
opposed  to  a  radial  blade,  should  result  in  a  quieter 
operation  with  unidirectional  fans.  The  reason  all 
test  data  foiled  to  teveal  this  noise  reduction  lies  In 
the  alritream  path  of  a  dripprooflnduction  mptfluThs 
turbulence  through  arid  Ofoincf  fhe  air  deflectors  and 
irregular  end  windings,  over  the  stator  core,  and  be- 
tween  the  ribs  supporting  the  stator  assembly  is  large 
compared  to  the  fan  turbulence  and  cannot  be  elimin¬ 
ated.  If  can  only  be  minimised  through  the  optimisa¬ 
tion  of  heat  flow  at  previously  described.  Unidirec¬ 
tional  fans  for  dripproof  protected  motors  do  not  ap¬ 
pear  to  cause  any  reduction  of  noise. 

5.2.2  Totally-Enclosed,  Fan  Cooled  Meters 

TEFCmotors  art  cooled  by  an  external  fan  which 
blows  air  over  the  motor  surface.  The  frame  and  bear¬ 
ing  housings  are  ofteH  ribbed  to  provide  a  large  cool¬ 
ing  surface.  This  air  flow  path  can  be  streamlined. 
The  greatest  Improvement  can  be  realized  by  an  aero¬ 
dynamic  design  of  the  fan  and  fan  bowl.  Use  of  a 
purely  centrifugal  fan  eauses  two  abrupt  changes  In 
the  air  stream.  First,  when  the  air  drawn  Into  the  fan 
bowl  has  its  direction  changed  from  axial  to  spiral. 
Second,  when  the  spiral  olrstream  strikes  the  fan 
bowl,  and  becomes  helical  in  shape. 

While  more  than  one  solution  is  possible,  the 
use  of  a  fabricated  unidirectional  fan  (Figure  5-3) 
and  properly  shaped  fan  bowl  has  been  found  to  be 
hlghlyeffectlve.  This  fan  relies  upon  a  conical-shop- 
— ed  shroud  to  causs  the  air  stream  to  make  only  a  por- 
-fia!  charge  ts  z  helical  direction.  The  backwardly 
curved  fan  blades  direct  the  air  spirally  outward  with 
a  minimum  of  air  turbulence.  The  fan  bowl  is  so  shap¬ 
ed  that  in  conjunction  with  the  bearing  housing,  the 
olrstream  is  gradually  directed  over  the  surface  of 


FIGURE  5-4 


5-3 


5.3  SIREN  EFFECT 

The  siren  effect  la  caused  by  the  tips  of  the  fan 
blades,  ar  other  components  acting  as  fan  blades, 
passing  close  to  a  series  of  protruding  stationary 
members.  The  frequency  of  fan  blade  noise  is  the  ro¬ 
tational  frequency  times  the  number  of  fan  blades. 


f' 


where  ffb  =  fan  blade  frequency  in  cps 
B  =  number  of  fan  blades 
P  =  number  of  poles 

The  fan  housing  of  totally  enclosed  motors  amplifies 
the  second  harmonic  of  ff|,  which  often  becomes  the 
highest  airborne  noise  frequency. 

The  number  of  fan  blades  should  be  chosen  to 
avoid  any  prominent  frequencies  of  noise  produced 
by  other  sources.  It  can  be  seen  from  the  above  equa¬ 
tion  that,  if  the  number  of  fan  blades  Is  the  same  as 
the  number  of  poles,  120  cpsttolse  will  be  produced. 

_ Since  1 20eps  noise  and  vibration  will  always  be  pro- 

duced  by  tha  force  waves,  of.  6Qcp«  Induction,  motors^. 
The  number  of  fan  blades  should  never  equal  the  num¬ 
ber  of  poles.  It  was  shown  in  Section 4 that  ball  bear- 
I ngs  produce  Two”  f requenc  I as  "which  moy  beTpprdx I- 
mated  by  the  expression  F  =  E  x  (Equation  4-7). 
To  prevent  adding  to  the  levels  at  this  frequency,  the 
number  of  fan  blades  should  not  equal  half  the  num¬ 
ber  of  rolling  elements.  In  addition  to  avoiding  dis¬ 
crete  frequencies,  the  fan  blade  frequency  should  not 
lie  within  any  prominent  band  of  frequencies  such  os 
the  preload  band,  or  the  number  of  blades  should  not 
equal  f.x  P/1 20  where  fc equals  thejeenter  frequency 
of  the  objectionable  band. 

In  drlpproof  protected  motors,  rotor  fan  blades 
do  not  normally  pass  close  enough  ta  any  stationary 
irregularity  to  produce  an  appreciable  siren  effect. 
Even  In  total ly-enelosed  motors  with  external  fans, 
the  siren  effect  may  be  eliminated  by  increasing  the 
clearance  between  the  fans  and  stationary  parts.  It 
is  recommended  that  the  bearing  housing  at  the  fan 
end  not  have  external  ribs. 


edges  of  unremovable  obstructions.  Figure  5-5  Illus¬ 
trates  the  elimination  of  causes  of  whistling  noise. 

FIGURE  5-5 

WHISTLING  EFFECT 


b.kii 

it : 


A  treatment  of  the  siren  effect  caused  by  radial 
rotor  and  stator  air  ducts,  utilized  in  motors  above 
100  HP,  may  be  found  in  the  1957  AIEE  Transactions. 
(See  reference  19  in  the  Bibliography) 

5.4  WHISTLING  EFFECT  _ 

Any  vonstrictlon,  especially  spddOTi  one.  of  the 
(  ( yliutream 'pl,ij’h  Ipr^Julibi  a |yvffi^t,’i ll.^i  effect.  Tn.  fre- 
i  i  quency  of  this  whistle  is  dependent  upon  mdtiy'foetors 
such  as  the  size  of  the  constriction  and  the  volume  of 
air.  The  necessary. preventive  (or  corrective)  meas¬ 
ures  are  elimination  of  constrictions  and  roundingthe 


5.5  CONCLUSION 

Fan  noise  of  induction  motors  may  be  minimized 
by  these  means: 

1)  The  number  of  fan  blades  should  be  chosen  to  a- 
void  producing  ihe  same  frequency  noise  as  pro¬ 
duced  bvi  of h»f i  sources. 'MThe  iiftwtcr.t  /comb  1  na- 
r^orfy'l'lo  ^/.avo'(#Aj.  are:  ,  , 

a.  Ndmber  of  fan  blades  equal  to  number  of.  pules 
(120  eps). 

b.  Number  of  fan  blades  equal  to)$ number  of  roll¬ 
ing  elements  in  the  ball  bearing. 
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c.  Number  of  fan  blades  equal  to  f£P/120  where 
fc  equals  the  center  frequency  of  any  objection¬ 
able  band. 

An  odd  number  of  blades  minimizes  pulsations 
caused  by  blades  passing  near  symmetrically  lo¬ 
cated  ribs,  etc. 

2)  Within  the  range  of  acceptable  performance,  cost 
and  weight,  the  amount  of  cooling  air  necessary 
will  be  reduced  by: 

a.  Use  of  low  current  and  flux  densities  to  mini¬ 
mise  generated  heat. 

b.  Use  of  sufficient  iron  and  steel  to  convey  gen¬ 
erated  heat  to  motor  frame. 

c.  Full  load  operation  at  a  temperature  near  the 
insulation  class  limit. 

d.  Use  of  higher  temperature  insulation  systems. 

3)  The  more  efficient  end-to-eenter  eoollng  method 
should  be  used  for  dripproof  protected  motors, 

4)  The  minimum  axial  length  of  Tan  blades  of  drip- 
proof  protected  motors  should  be  determined  for 
each  motor  design  for  noi  se-sens  it  ive  applications. 

5)  Use  of  a  backwardly  inclined  conical  shroud  be¬ 
hind  the  fan  of  a  40  HP,  2  pole  totally-enclosed 
motor  reduced  the  overall  sound  pressure  level  by 
7db.  A  similar  shroud  design  it  recommended  for 


tally-enclosed,  fan-cooled  motors. 


6)  Clearance  between  fans  and  stationary  parts 
should  be  sufficient  to  preventa  siren  effect.  The 
wide  range  of  motor  sizes,  speeds,  and  construc¬ 
tions  precludes  the  determination  of  a  numerical 
value  for  a  permissible  minimum  clearance.  Great¬ 
er  attention  to  thisfoctor  is  needed  for  externally 
fan  cooled  motors  than  for  dripproof  protected  mo¬ 
tors  with  integral  fan  blade  -  end  ring  construction. 

7)  Sharp  turns  and  constrictions  in  the  air  stream  path 
should  be  e  liminated.  The  areas  that  require  spe¬ 
cial  attention  are: 

a.  The  external  fan  housing  opening  and  exhaust. 

b.  The  intake  and  exhaust  ports  of  dripproof  pro¬ 
tected  motors.  Screening  with  a  large  percent¬ 
age  of  open  area  should  be  used. 

c.  Area' between  air  deflector  and  end  turns. 

8)  Sharp  edges  In  the  airstream  path  should  be  elim¬ 
inated.  Parts  in  contact  with  high  velocity  air 
should  be  given  prime  consideration. 

a.  The  fan  should  be  smooth  and  free  from  burrs, 
blow  holes,  etc. 

b.  The  fan  bowl  should  present  no  sharp  edges  to 
the  airstream.  A  cast  fan  bowl  is  preferable  to 
a  fabricated  sheet  steel  one.  If  sheet  steel  is 
used,  the  edges  should  be  rounded  during  the 

similar  material. 
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SECTION  6 

UNBALANCE  NOISE 


6.1  INTRODUCTION 

At  the  commencement  of  this  contract,  extensive 
Studies  of  the  effect  of  motor  unbalance  were  plan* 
ned  by  the  Naval  Engineering  Experimental  Station. 
It  was  decided  to  concentrate  on  other  aspects  of 
motor  noise  rather  than  duplicate  this  work.  However, 
certain  preliminary  work  was  necessary  to  relate  un* 
balance  with  other  motor  noise  sources.  A  discus¬ 
sion  of  this  work  and  of  the  causes  of  unbalance 


amplitude  of  this  vibration  os  specified  in  MIL-M- 
17060B.  Note  that  the  vibration  is  specified  in  dis¬ 
placement  units  (mils),  whereas  the  unit  of  accelera¬ 
tion  decibels  is  coming  into  prominenco  for  vibration 
measurement.  Displacement  values  may  be  converted 
into  acceleration  levels  at  a  specified  frequency  but 
the  frequency  bandwidth  of  balance  vibration  measure¬ 
ment  is  not  specified. 

TABLE  6-1 


noise  are  presented  in  this  section. 

Unbalance  primarily  produces  rotational  fre¬ 
quency  noise.  The  rotational  frequency  of  a  60  cycle 
induction  motor  at  any  load  is 


f=120xU-=_») 

P  \.. 

where  ff  -  rotational  frequency  in  cycles  per 
second 

s  =  slip  in  per  unit 


Dynamic  Balance  Vibration 

Maximum  Allowable  total  amplitude 
Waight  ol  motors  Standard  Precisian  Super-precision 
balance  balance  balance  . 

Pounds  Mils  Mils  Mils 

Up  to  350 
From  35 1  to  800 
From  801  to  2,600 
From  2,001  ond  up 

A  test  was  conducted  to  determine  the  relation¬ 
ship  between  balance  measurements  taken  with  an 
IRD  dynamic  balancing  device  on  the  bearing  hous- 


P  =  number  of  poles 

The  uijbafanca  noise  produced  by  two  pole  motors  it 
approximately  60  cycle  noise;  that  produced  by  four 
pofe  motors  is  nearly  30  eyelet;  etc.  The  tecond 
harmonic  of  rotational  frequency  has  been  observed 
under  conditions  of  extreme  unbalance. _ 

6.2  CAUSE  OF  UNBALANCE  NOISE 

(' 

In  rotating  machinery,  unbalance  noise  it  pro¬ 
duced  by  an  unequal  weight  distribution  of  the  rotat¬ 
ing  member  around  the  axis  of  rotation.  This  uneven 
weight  distribution  of  the  rotor  assembly  of  induc¬ 
tion  motors  is  caused  by 

1)  Voids  in  cast  aluminum  bars  and  end  rings 

2)  Non-uniformity  of  core  steel 

3)  Keywayi 

4)  Out-of-roundnesi  of  machined  surfaces 

5)  Eccentricity  of  machined  surfaces  with  axis 
of  rotation 


ing  hub  and  readings  taken  there  and  at  other  places 
:  witA-th*  ■amd.  &.  Kftter  equttOTSta  dejiestttwl-  ilv  ^- 
tlon  2.  A  5  HP,  2  Pole,  184  frame  open  motor  was 
equipped  with  tpecieJ  Mwing  housings  to-  permit — 
addition  of  balance  weights  to  the  end  ring  lugs  with¬ 
out  motor  disassembly.  This  motor  had  initial  dis¬ 
placement  measurements  of  .25  and  .20  mil*  en  the 
front  ond  rear  bearing  housing  Hubs  respectively; 
Weights  were  added  to  the  rear  end  ring  to  Increase 
the  unbalance  at  that  end  while  the  displacement  at 
the  front  end  was  maintained  at  .25  mils.  Acceleration 
readings  wera  taken  with  the  B  &  K  equipment  on  the 
three  axis  on  the  motor  feet  and  an  axial  and  a  radial 
axas  on  the  rear  bearing  housing  hub.  Tha  radial  hub. 
raadlng  was  taken  at  the  same  point  os  the  displace¬ 
ment  readings.  The  test  data  for  rear  bearing  hub  dis-. 
placements  of  .20, .45, .85,  and  1.70  mils  respective¬ 
ly  are  furnished  in  Table  6-2. 

TABLE  6-2 

Balance  Test 


6)  Eccentric  location  of  slots 
In  addition,  lock  of  shaft  rigidity  and  looseness  -of 
fits  will  permit  rotor  assembly  to  deflect  under  un¬ 
balanced  magnetic  forces.  This  deflection  will  rotate 
with  the  rotating  flux  wave,  thus  creating  a  com 
effect. 

6.3  RELATIVE  EFFECT  OF  UnbAl swrc  NC1EE 

The  degree  of  balance  is  usually  specified  in 
terms  of  the  motor  vibration  caused  by  the  unbalance. 
The  dynamic  balance  vibration  Is  measured  on  the 
bearing  housing  in  the  direction  giving  the  maximum 
amplitude.  Table  6-1  lists  the  maximum  allowable 


Vibration  Acceleration  Levels 


Continued  on  next  page 


6-1 


and  are  reflecting  vibration  of  other  than  the  rota¬ 
tional  frequency  which  the  63  cps  adb  levels  do  not. 
The  drop  in  adb  values  from  the  hub  readings  to  those 
taken  on  the  feet  show  the  attenuation  characteristic 
of  the  housing  and  yoke  os  a  function  of  bearing-hub 
displacement. 

FIGURE  6-1 
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Radial 


Values  las*  t 


106 

106 

107 

109 

103 

105 

105 

10$ 

10(1 

106 

106 

107 

110 

111 

110 

110 

109 

112 

112 

115 

ow  rang*  of  recording 


BSOAOSANO  018PLA CfiMENT  IN  MILS 


Values  taken  from  Spectrograms  6*1  through  6-8. 


SUPS* 

MICISION 


The  rotational  frequency  of  this  two  pole  motor 
lies  within  the  63  cps  one-third  octave.  An  investiga¬ 
tion  of  the  adb  levels  for  this  frequency  band  reveals 
that  the  radial  axes  (V,  Z,  and  Radial  Hub)  exper¬ 
ience  a  greater  change  than  the  axial  axes  (X  and 
Axial  Hub).  The  125  cps  band  shows  little  change  on 
the  X,  Y*  &  Z  axes  while  the  hub  axes  reflect  the 
time  variation  of  12d cycle  noise  explained  in  Sec¬ 
tion  7.3.  The  only  remaining  band  with  appreciable 
variation  Is  the  200  cps  band  which  once  again  re? 
fleets  variation  in  preload  force. 

The  63  cps  levels  for  the  radial  hub  and  Z  axes 
are  plotted  as  a  function  of  the  displacement  measure¬ 
ments  in  Figure  6-1.  The  balance  designations  "super- 
precision",  "precision",  and  "standard"  are  those 
listed  In  Military  Specifications  MIL-M-17060B  for 
motors  weighing  less  than  350  pounds.  Note  that  the 
vibration  decreases  sharply  in  the  region  between  the 
! 'orec isian’and  the  " s uoer-pr ec i s  ion "  de s ignaiion s . 
Unfortunately,  the  achievement  of  a  higher  degree  of 
balance  also  becomes  more  difficult  in  this  region. 
The  "hub"  curve  is  lower  than  the  calculated  curve 
obtained  by  converting  the  displacement  values  to 
adb  at  the  rotational  frequency,  60  cps.  This  indi- 
catesthe  displacement  values  are  broadband  in  nature 


This  test  reveals  two  points  worthy  of  note. 

1)  Conversion  of  displacement  levels  to  adb  levels 
cannot  be  made  with  sufficient  accuracy  unless 
filters  are  used  to  reduce  frequency  band  of  bal¬ 
ancing  equipment. 

2)  The  bearing  housings  and  yoke  have  a  non-linear 
attenuation  characteristics.  Thus  while  speci¬ 
fication  of  bearing  housing  hub  movement  Is  indi¬ 
cative  of  the  unbalance  vibration  transmitted  to 
the  load,  It  is  not  necessarily  indicative  of  the 
unbalance  vibration  transmitted  to  the  substruc¬ 
ture  from  the  motor  feet. 

6.4  REDUCTION  OF  UNBALANCE  NOISE 

Reduction  of  unbalance  noise  falls  into  two  bote* 
gories:  preventive  and  corrective  actions.  The  pre 
ventative  steps  thot  may  be  taken  ore  careful  atten- 
tier,  to  tolerance*  and  providing  sufficient  shaft 
rigidity  to  resist  deflection  under  unbalanced  mag¬ 
netic  forces.  However  certain  sources  of  unbalance, 
such  as  small  voids  in  the  cast  aluminum  are  diffi¬ 
cult  to  control.  Thus,  there  must  be  o  method  of  cor¬ 
recting  this  uneven  weight  destribution.  This  is  ac¬ 
complished  by  either  adding  or  removing  weight  at 


6-2 


various  points  around  the  axis  of  rotation.  Dle-cost 
Induction  motors  are  usually  balanced  by  the  addi¬ 
tion  of  small  weights  to  lugs  or  cavities  provided  on 
the  rotor  end  rings.  In  addition,  motors  for  ultra-quiet 
application  are  often  provided  with  external  balance 
I'ings  to  facilitate  in-place-balancing  at  the  load  site. 
The  prototype  motors  were  equipped  with  external 
balance  rings  and  certain  observations  about  their 
use  are  included  In  Section  9. 

6.5  CONCLUSION 

This  section  treats  only  a  preliminary  study  of 
unbalance  noise.  The  cause  and  nature  of  unbalance 
noise  are  described  but  the  methods  of  reducing  un¬ 


balance  are  only  outlined.  As  previously  indicated, 
this  phase  of  motor  noise  was  not  to  be  studied  in 
detail  here  because  of  ether  scheduled  work.  It  should 
be  noted  that  of  the  four  sources  of  motor  noise, only 
unbalance  maybe  directly  attacked.  Whereas  the  mag¬ 
netic  fields,  bearings  and  fans  are  all  necessary  for 
motor  operation,  unbalance  Is  a  byproduct  of  manu¬ 
facturing  variations.  The  theory  of  reducing  "unbal¬ 
ance  noise  is  exceedingly  simple:  Reduce  the  un¬ 
balance  of  the  rotating  component.  However,  the 
achievement  and  maintenance  of  the  reduced  value  of 
unbalance  becomes  very  difficult  at  low  values  of 
unbalance.  The  balancing  work  performed  on  the 
prototype  motors  (Section  9)  is  an  example  of  the 
difficulties  one  may  encounter, , 
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SECTION  7 

EFFECT  OF  LOAD 


7.1  INTRODUCTION 

The  degree  of  load  may  be  shown  to  affeet  all  four 
principal  classifications  of  motor  noise:  magnetic, 
bearing  fan  and  unbalance.  Few  references  In  the 
technical  literature  consider  the  change- In  noise  due 
to  load,  and  no  comprehensive  treatment  Is  avail¬ 
able.  The  effects  of  ioad  are  shown  to  be  dependent 
upon  many  factors,  and  methods  of  minimizing  the 
difference  between  load  and  no  load  noise  are  pre¬ 
sented.  A  proposed  test  procedure  for  determining 
this  noise  difference  is  also  presented. 

7.2  TEST  MOTORS 

Tests  were  conducted  on  two  5  HP,  2  Pole  mo¬ 
tors  and  one  40  HP,  4  Pole  motor  under  varying  load'1 
conditions.  The  5  HP  motors  were  connected  to  a 
dynamometer  with  a  flexible  rubber  coupling  and’Were 
isolated  from  the  dynamometer  base  with  10  cycle 
Barry  mounts.  Figures  7-1  and  7-2  show  the  dyna¬ 
mometer  test  site  and  the  rubber  coupling,  respec¬ 
tively.  The  40  HP  unit  was  also  mounted  on  10  cycle 
isolators.  However,  a  flexible  metal  coupling  was 
used  due  to  the  higher  power  transmission.  The  mo-  s 
ddufii 

from  the  dynamometer  (no  load),  (2)  driving  the  unex¬ 
cited  dynamometer  (minimum  load),  (3)  at  fuff  rated 
load.  Tables  7*1  and  7-2  show  the  vibration  acceler¬ 
ation  Tevels  for  prominent  one-third  octaves  and  the 
overall  reading  for  the  184  frame  open,  and  the  213 
frame,  totally-enclosed,  5  HP  motors.  Levels  for  the 
4(KHPopen  motor  are  given  in  Table  7-3.  The  causes 
of  the  vibration  changes  listed  in  these  three  tables 
are  discussed  under  the  classifications  of  noise-ex¬ 
periencing  the  change. 

FIGURE  7-1 


FIGURE  7-2 


TABLE  7-1 
Load  Test 

5  HP  2  Pole  .184  Frame 
Vibrotlen  Acceleration  Levels 


Full  Load 


Valuaa  taken  from  Spectrogram*  7-1  through  7-3 

TABLE  7-2 

Load  Test 

5  HP  2  Pole  213  Frome 
Vibration  Acceleration  Levels 


Minimum  Load 


Full  Load 


Value*  taken  from  Spectrograms  7-4  and  7,-5* 


TABLE  7-3 


Load  T*»t 

40  HP  4  Pale  364  From* 
Vibration  Acceleration  Level* 


Band- 

Axis- 

No  Load 

Minimum  Load 

Full  Lead 

125 

X 

73 

76 

89 

Y 

70 

71 

73 

Z 

73 

73 

72 

160 

X 

78 

81 

93 

Y 

* 

* 

* 

Z 

72 

70 

71 

315 

X 

71 

72 

77 

Y 

73 

85 

92 

Z 

84 

76 

80 

500 

X 

99 

86 

82 

Y 

86 

87 

84 

Z 

86 

85 

82 

2000 

X 

105 

103 

■4S  99 

Y 

109 

106 

105 

z 

113 

107 

105 

2500 

X 

96 

99 

94 

Y 

103 

108 

105 

z 

104 

109 

too 

trvsrerr 

— x_ 

■ — nre — 

"  "tor 

- TO! - 

Y 

110 

in 

ItO 

Z 

115 

n> 

Vtt 

*  Valins  lot  than  70  adb  war*  below  range  af  recording 
paper. 

Value!  taken  from  Spectrogram!  7*6  through  7*8, 


7.3  MAGNETIC  NOI5E 


on  the  permeance  ripples  is  also  discussed  in  Sec¬ 
tion  3.  The  partial  or  complete  steel  bridge  over  a 
semiclosed  or  closed  slot  causes  an  apparent  de¬ 
crease  in  the  permeance  variation  of  the  rotor  slot 
as  sensed  by  the  stator.  At  no  load,  this  sjeel  bridge 
is  carrying  only  the  small  component  of  the  stator¬ 
generated  flux  that  leaks  across  the. rotor  bridge.  Un¬ 
der  load,  the  rotor  bar  currents  produce  rotor  leakage 
flux,  which  crosses  and  tends  to  saturate  the  slot 
bridge.  As  the  bridge  saturates,  the  permeance  rip. 
pies  approach  those  of  the  open  slot  configuration. 
Thus,  the  permeance  ripples  and  the  rotor  slot  fre¬ 
quency  noise  can  Increase  with  load. 

A  third  factor  may  result  in  a  reduction  In  mag¬ 
netic  noise.  The  magnetizing  currant  of  an  induction 
motor  decreases  as  the  motor  load  is  Increased.  This 
is  best  illustrated  by  the  use  of  the  exact  equivalent 
circuit,  Figure  7-3,  where  the  magnetizing  branch 
lies  between  the  primary  (stator)  and  the  secondary 
(rotor)  branches.  The  Increased  current  due  to  load 
causes  a  greater  resistance  and  reactance  drop,  Es, 
across  the  primary  with  a  resultant  decrease  In  volt¬ 
age  (E-Es)  across  the  magnetizing  braneh.  The  total 
flux  per  pole  is  proportional  to  this  voltage  and  the 
resultant  variation  as  a  function  of  load  will  depend 

U*AM.  ^  X  —  — ...  —  A- 1  _  1  ■.  slu  aaju^Wei  rj  IwW-.g  I  1- 

JUHJIMUl  til  nXBL  iiiu^UBUC- ilubuiX* 

Whether  load  will  Increase  Or  decrease  the  overall 
magnetic  noise  depends  on  wbick  ofjhe  three  far¬ 
ters  predominate. 

FIGURE  7-3 

EXACT  INDUCTION  MOTOR 

g  equivalent  circuit 

if 


The  effect  of  load  may  cause  the  slot  frequoncy 
magnetic  noise  of  on  Induction  motor  to  elthor  In¬ 
crease  or  decrease.  Factors  which  cause  an  ampli¬ 
fication  of  slot  frequoncy  noise  ore  increased  rotor 
and  stator  load  currents,  and  the  increase  In  appar¬ 
ent  permeability  variation  due  to  the  rotor  slots.  The 
factor  which  tends  to  decrease  slot  frequency  noise 
Is  the  reduction  of  magnetizing  flux  with  increasing 
load.  Depending  upon  which  factor  is  the  most  pro¬ 
nounced,  the  magnetic  noise  may  be  either  amplified 
or  attenuated. 


As  the  load  on  a  motor  increases,  the  load  cur¬ 
rent*  of  both  the  stator  and  rotor  increase.  The  lead 
current  of  the  stator  sets  up  a  load  minf  wav*  which 
is  displaced  90  electrical  degrees  from  the  no  load 
(magnetizing)  mmf.  The  current  in  the  rotor  bars  set 
up  a  mmf  wave  whose  fundamental  exactly  cancels 
the  fundamental  of  the  stator  load  mmf.  However, 
bptH.pf  ^Aii,AB!fl^./jsr,ave#^;j;r5t;aln  ripples  caused,, by,..,..,, 
the  concentration  ofiturrents  in.  Which  do  not  i 
cancel.  As  the  currents  increase  with  load,  these 
ripples  increase  proportionately.  It  is  shown  in  Sec¬ 
tion  3  that  these  ripples  cause  flux  force  waves  which 
cut  the  stator  ot  the  frequencies  shown  in  Table  7-4. 

The  effect  of  the  type  of  rotor  slot  configuration 


Although  the  184  frame  motor's  overall  vibration 
increased  by  only  4  adb,  the  one-third  octaves  con¬ 
taining  the  rotor  slot  frequencies  indicated  an  In¬ 
crease  of  up  to  12  adb.  The  three  primary  rotor  slot 
frequencies  (Numbers  2,  3  end  4  In  TfibJe-7-4)  are 
1920,  1800, 

contained  wiilil^.iie  200tl  cps  one-third  octave.  The 
1800  eps  noise  (which  is  most  prominent  since  R>S) 
also  appears  In  the  1600  cps  one-third  octave,  as 
1800  eps  is  near  the  boundary  between  the  two  one- 
third  octaves.  At  full  load,  the  frequencies  become 
1850,  1730,  and  1970  eps  respectively  due  to  the  de- 
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crease  in  motor  speed.  Under  this  condition  the  fre¬ 
quencies  are  almost  evenly  divided  between  the  two 
bands.  The  next  largest  increase  occurs  in  the  4000 
cps  band  which  contains  the  secondary  rotor  slot  fre¬ 
quencies.  This  motor's  large  change  in  magnetic 
noise  under  load  is  attributed  to  its  elosed-slot-eon- 
figuration  rotor  slots.  This  causes  a  maximum  per¬ 
meance  variation  between  minimum  and  full  load,  and 
therefore,  an  increase  of  twice  slot  frequency  noise. 


TABLE  7-4 
Stator  Core  Vibration 


Frequency  of  Vibration 

Number  of  Nodes 

■; 

120 

|2P| 

2. 

M20H  n-t> 
p 

..  120 

1 2 R  -  25  -  2P| 

3. 

120  R  (1-s) 
P 

1 2 R  -  2S| 

4. 

120  R  (1-s) 
P 

+  120 

|2R  -  2S  t  2P| 

5. 

240  R  (1-s) 

P 

-  120 

|4R  -  2Pj 

6. 

749.  R  UssL 

p 

|4R| 

77 

-  -HTR-R-tV 

p 

~i  T20 

I4R  +  2P| 

The  213  frame  motor  reveals  a  different  pattern 
of  vibration  change  with  load.  The  primary  slot  fre¬ 
quencies  of  this  meter  (1920,  2040,  and  2160  cps  at 
no  load)  all  remain  within  the  2000  cps  one-third  oc¬ 
tave  and  increase  only  very  slightly.  This  small  in¬ 
crease  of  rotor  slot  noise,  as  compared  to  the  pre¬ 
ceding  case,  is  due  to  the  rotor  having  a  semi-closed 
slot.  Therefore,  the  variation  from  no  load  to  full  load 
was  minimized. 

The  40  HP  motor  is  an  example  of  a  motor  exper¬ 
iencing  a  decrease  in  magnetic  noise  with  an  In¬ 
crease  in  load.  Since  this  magnetic  noise  was  the 
most  prominent,  the  overall  noise  level  also  decreas¬ 
ed.  This  decrease  in  magnetic  noise  is  due  to  the  de¬ 
crease  in  magnetizing  flux.  The  permeance  ripples 
produced  by  this  motor  did  not  increase  because  of 
two  factors. 

(1)  Semi-closed  rotor  slots  were  utilised. — 

(2)  The  thickness  of  the  partial  steel  bridge  over 
the  rotor  slots  does  not.  increase  appreciably 
for  large  diameter  motors. 

The  combination  of  these  factors  resulted  in  an 
effective  open  slot  at  any  load. 

-The  effect  of  load  on  the  120  eye fi  'ma^hetie  “ 
noise' bo'^defdVciiiwd  art;  the  test  jr.o^o'rf'tdr 
'various  reason  si  The  prelor.d  band  of  the  40  HP,  4 
'Pole  motor  was  reflected  in  the  125  cps  one-third 
magnetic  noise. 

The  change  in  the  120  cycle  noise  of  the  two 


pole  motors  under  load  was  Insufficient  to  register 
above  an  inherent  variation  in  this  frequency  noise. 
In  two  pole  motors  whose  torque  is  low  compared  to 
their  horsepower,  operation  at  no  load  can  cause  a 
time  variation  of  twice  line  frequency  noise.  When 
these  motors  hove  small  no  load  losses,  the  rotor  will 
rotate  at  almost  synchronous  speed.- For  example,  a 
40  HP,  two- pole,  totally-enclosed  motor  with  the  fan 
removed  was  observed  to  slip  only  one  revolution 
every  three  minutes  at  no  load.  The  variation  In  per¬ 
meance  of  the  rotor  steel  due  to  rolling  (described  in 
Section  3)  will  rotate  at  slip  frequency  with  respect 
to  the  synchronous  wove.  Thus  the  minimum  reluct¬ 
ance  path  will  coincide  with  the  synchronous  wave 
at  twice  slip  frequency.  This  time  variation  In  rotor 
permeability  will  modulate  the  amplitude  of  the  funda¬ 
mental  flux  wave  and  thus  the  120  cycle  magnetic 
noise  generated  by  this  flux  wave. 

A  similar  phenomenon,  common  In  two  pole  mo¬ 
tors,  produces  a  boat  frequency  effect  at  twice  slip 
frequency  similar  to  the  modulation  of  the  120  cycle 
noise  described  above. This  beat  effect  Is  caused  by 
the  alternate  aiding  and  bucking  of  noise  sources 
producing  twice  line  frequency  and  twice  rotational 
frequency.  (20)*  The  addition  of  fairly  small  loads 
such  as  the  air  flow  resistance  to  the  external  fan 

effect  appreciably.  At  moderate  loads,  these  phenam- 

_ ena  4+wppew  completely.  (See  Spectrograms  7-Q  and 

7-10.) 

7.4  BEARING  NOISE 

The  standard  straight  line  skew  of  rotor  bars 
normally  used  In  induction  motor  design,  In  conjunc¬ 
tion  with  the  slowing  down  of  the  rotor  under  load 
causes  a  variation  in  the  amount  of  axial  force  on 
the  bearings.  This  Is  true  whether  or  ndt  the  bearing* 
are  Initially  preloaded.  The  variation  In  preload  can 
cause  either  an  Increase  or  decrease  In  the  amount 
of  noise  produced  by  initially  preloadod  precision 
bearings  and  will  cause  an  amplification  of  the  noise 
produced  by  non-preloaded  standard  bearings. 

As  motor  load  is  Increased,  the  rotor  slows  down 
relative  to  the  synchronous  flux  wave.  The  rotor  bars 
"cut"  the  flux  wave  at  a  greater  rote.  This  produces 
a  force,  F,  on  each  rotor  bar  which  Is  perpendicular 
to  the  bar. 

F  =  K  B  I  I  ’  7.1 

where  F  -  normal  force 

K  =  constant  of  propartlonnlity 
“u;‘Tr.  q  ..  ft  des-}»y 

I  =  length  of  conductor  v 

i  =  current  in  conductor 

^Number  In  parentheses  refer  to  references  listed  in 
the  Bibliography. 
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If  6  Is  the  angle  of  rotor  bar  skew,  F  cos9  is  the 
tangential  component  which  supplies  the  motor  torque. 
F  sln0  Is  an  axial  component,  hereafter  termed  Fa. 
This  axial  force  Is  readily  computed  for  any  lead  and 
speed  If  the  rotor  dimensions  are  known. 


n  r 


where  Fa  =  axial  force  in  pounds 
HP  =  load  In  horsepower 

Q  =  skew  angle 

n  =  mater  speed  in  rpm 

r  =  rotor  radius  Ifl-fiSl 

This  axial  farce  may  vary  the  preload  force  on 
the  bearings  in  one  of  four  manners,  depending  upon 
the  manner  of  Initial  preloading.  In  this  discussion, 
the  subscript  1  indicates  terms  referlng  to  the  bear* 
ing  at  which  the  axial  farce  Is  directed;  subscript  2 
refers  to  the  opposite  bearing. 

Fa  =  axial  force  due  to  load 

F|  =  initial  preload  force  for  both  bear¬ 
ings. 

Fi  =  preload  force  under  load  for  bearing 

11.' 

Fn  =  preload  force  under  load  for  bearing 

#2. 

Kj  =  spring  constant  of  spring  washer  #1 
K2  =  spring  constant  of  spring  washer  #2 
X]  -  Initial  deflection  of  spring  washer  #1 
X2  =  initial  deflection  of  spring  washer  #2 
Condition  1:  Bearings  not  preloaded,  i.e.,  F|  =  0. 


Shaft  is  free  to  move  and  moves  in 
direction  of  Fa  .After  shaft  has  taken 
up  the  end  play. 


F,  =  F0  F2  =  0  7.3 


Condition  2:  Spring  washer  at  bearing  H2,  i.e., 


F|  =K2X2 

(Note  Fj  preloads  both  bearings) 


Sljpft  is  not  free  to  move,  therefore, 
spring  #2  remains  compressed  the 
seme  amount. 


F]  =  F|  +  F0  Fj  =  F,  7.4 


Fj  =  F,  F2  =  Fj  -  F0  7.5a 
If  F0  \  Fj  the  shaft  will  move 


Fj  =  Fa  F2  =  0  7.5b 
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Condition  4:  spring  washers  at  both  bearings,  l.e., 
Fj  =  K]X|  =  K2X2 

The  amount  of  initial  preload  on  each 
bearing  must  be  the  same  for  there  to 
be  no  net  force  on  the  shaft.  If  dis¬ 
similar  spring  washers  are  used  (K^ 
^  K2)  due  to  different  slie  bearings, 
the  washers  will  deflect  amounts  in¬ 
versely  proportional  to  their  spring 
constants. 


Shaft  moves  a  distance  X,  due  to 
farce,  Fa. 

Fi=«i(X1+X)  F2  =  K2(X2-X) 


taves.  These  bunds  showed  an  Increase  of  12-13  adb 
on  the  X-axis  (parallel  to  the  shaft).  The  second  har¬ 
monic  appears  in  the  315  cps  band.  This  motor  had 
standard  electric  ..motor  grado  bearings  which  were 
not  preloaded  (Condition  #1).  As  explained  in  Sec¬ 
tion  4,  preloading  of  standard  bearings  (FF-B-171) 
often  results  in  an  increase  In  motor  vibration. 

7.5  FAN  NOISE 

Motor  load  has  only  a  nominaleffeeton  fan  noise. 
This  slight  effect  is  due  to  the  decreased  rotating 
speed  of  the  rotor,  which  diminishes  the  amount  of 
air  pumped.  See  Section  5.  The  frequency  of  fan  noise, 
like  most  motor  noise,  Is  decreased  by  the  percentage 
of  slip. 


It  \#as  noted  that  the  unbalance  noise  of  the  mo¬ 
tors  tested  varied  with  load.  The  184  frame  motor  ex¬ 
perienced  about  3  adb  less  rotational  frequency  (63 
cps  band)  noise  at  full  load  than  at  minimum  load. 
The  21 3. frame  motor  reveals  a  decrease  of  5  adb  for 

- 4fce-  some-load.  chooeo.Tbo.10  IdP  unit,  on  the  other 

hand,  did  not  experience  a  change  in  rotational  fre¬ 
quency  noise.  These  variations  may  be  the  result  of 
the  magnetic  pull  on  the  dynamometer  rotor  which  was 
transmitted  back  to  the  motor.  The  motor-dynamo¬ 
meter  combination  was  not  dynamically  balanced  as 
a  unit  at  minimum  load;  thus,  no  conclusions  of  this 
part  of  the  study  can  be  made. 


7.6  UNBALANCE  NOISE 


but  Fi  -1=2  =  F0 

therefore,  Fj  =  F,  +  F0  JiL- 


=  F,  -F_ 


*2 

Kj.+  K2 
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7.7  CONCLUSION 

This  study  reveals  that  no  load  noise  tests  of 
an  Induction  motor  arr  hot.  In  general,  Indicative  of 
the  motor  vibration  at  full  or  even  partial  load.  The 
frequencies  of  most  electro-mechanical  noise  will 
became: 


This  variation  In  proload  amount  may  vary  tha 
bearing  noise  In  either  direction.  As  is  discussed  In  ' 
Section  4,  there  is  a  preioad  band  of  frequencies 
which  occurs  in  the  range  between  150  and  250  cps. 
This  band  was  shewn  to  be  hjghly  dependent  upon 
the  amount  of  preload.  The  213  frame  motor  was  pre- 
loaded  In  the  manner  of  condition  #2.  The  full  load 
axial  force  was  calculated  to  be  5.9  pounds  using 
Equation  7.2.  The  initial  preload  was  approximately^ 
25  yyjr.ist  wh ! ch  wci  c  jbscqusnl  !y  found  toT~ res ult 
in  near  maxi.KU'm  preload  noise.  The  decrease  of  8  to 
10  adb  jOf  the  250  cps  one-third  octave  correlates 
quite  well  with  the  data  furnished  In  Table  4-2  in 
Section  4. 

The  preload  band  of  the  bearings  in  the  40  HP 
motor  lies  within  the  120  and  160  cps  one-third  oc- 


ff|  =  f„|  (l-») 

where  ff|  -  frequency  of  noise  under  load 
s  =  motor  slip  in  per  unit 
f^l  =  no  load  frequency  of  noise 

The  amplitude  of  the_yibratlon  nwy  Increase  or  de¬ 
crease  depending  upon  the  source  Otthe  noise  and 
other  conditions. 

Increase  In  motor  vibration  due  to  load  may  be 
minimized  by: 

1)  Using  herringbone  skewed  rotors.  The  two 
straight  line  skew  segments  will  produce  ax¬ 
ial  forces  equal  In  magnitude  and  opposite  in 
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direction  and  thereby  cancel  each  other.* 
This  permits  the  optimum  preload  force  on 
the  bearings  to  be  set  at  no  load  and  to  be 
independent  of  load.  The  amount  of  skew  it 
determined  by  the  maximum  peripheral  dis* 
placement  of.  the  rotor  bars.  Therefore, -the  - 
equivalent  herringbone  skew  for  a  standard 
straight  line  skew  requires  that  each  half  of 
the  rotor  bars  have  an  angle  whose  tangent 
is  twice  that  of  the  straight  line  skew  rotor, 
bars,  as  shown  in  Figure  7.4.  ''  ' 


FIGURE  7-4 


EQUIVALENT  STRAIGHT  LINE 
OAd  HERRINGBONE  SKEW 


2)  If  herringbone  skew  cannot  be  used,  amount 
and  manner  of  preload  must  be  selected  such 
that  an  Increase  in  preload  as  calculated  by 
Equation  7.2  will  not  cause  an  increase  In 
vibration.  The  vibration  vs.  preload  charaet- 

■'  eristics  will  have  to  be  determined  foreaeh 
size  of  bearing  used  and,  until  consistency 
is  verified,  for  Individual  bearings. 

3)  Use  of  as  large  an  air  gap  as  is  consistent 
with  meeting  necessary  starting  current  and 


*Another  cause  of  axial  movement,  significant  only  un¬ 
der  starting  conditions,  is  a  result  of  an  Initial  axial 
misalignment  of  the  rotor  and  stator  magnetic  centers. 
The  rotor  end  rings  will  encounter  unbalanced  tran¬ 
sient  fields.  The  rotor  will  move  in  the  direction  of 
the  end  ring  farthest  from  the  stator  magnetic  center. 


power  factor  requirements.  As  shown  In  Sec¬ 
tion  3,  a  large  air  gap  minimizes  the  effect 
of  permeance  ripples  which  Increase  the  load. 

4)  The  variation  of  motor  noise  due  to  load  dem¬ 
onstrated  in  Tablet  7-1,  7-2,  and  7-3  Indl- 

-  cates  the  need  for  noise  testing  under  load 
conditions.  Measurement  of  motor  noise  under 
load  presents  the  problem,  of  Isolating  the 
no.se  of  the  loading  devlee.  It  is  recommend¬ 
ed  that  full  load  testing  be  done  in  the  fol¬ 
lowing  manner: 

1.  With  motor  isolated  to  highest  degree  ob¬ 
tainable,  take  noise  measurements  at  load 
site,  such  as  dynamometer,  under  no  load 
conditions  (uncoupled). 

2.  Take  noise  measurements  with  motor  con¬ 
nected  to  load  with  a  flexible  coupling 
(rubber,  if  possible)  and  driving  a  mini¬ 
mum  load  such  as  an  unexcited  dynamo¬ 
meter. 

3.  Take  noise  measurements  with  motor  at 
full  load  (excited  dynamometer). 

The  corrected  full  load  reading  Is: 

Reading  1  +  (Reading  3  -  Reading  2) 

- TJiJj-jnethod.-jaJJee-^.4he^e«jq^^MtMlr- 

(such  as  mounts,  couplings,  separate  founda¬ 
tions,  roams,  etc.)  to  minimize  the  noise 
~~ change  Th  the  loading  device  due  to  load  ra¬ 
ther  than  the  total  nolle  produced  by  the  load¬ 
ing  dovice.  The  difference  between  the  first 
two  readings  is  assumed  to  be  caused  by  the 
dynamometer  since  the  motor  is  only  slightly 
loaded  by  the  dynamometer's  windage  and 
fription  losses.  (The  5  HP  motors  In  this 
study  were  supplying  only  0.35  HP  whenthey 
were  driving  an  unexcited  15  HP  dynamo¬ 
meter.)  -  — 

5)  This  study  Indicates  that  a  motor  with  seml- 
closed  rotor  slots  experioncss  loss  increase 
In  vibration  with  respect  to  load  than  dots  a 
motor  with  closed  slots.  However,  the  per-, 
meance  variation  due  to  a  dosed  slot  under 
load  conditions  only  approach#!  that  of  a 
semi-clotad  slot.  The  closed  slot  causes  a 
greater  Increase  In  vibration  with  load  only 
became  it  is  quieter  at  no  load.  Use  of  a 
closed  rotor  slot  rather  than  a  semi-closed 
slot  Is  recommendod. , 
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SECTION  8 

MISCELLANEOUS  STUDIES 


8.1  INTRODUCTION 

This  section  deals  with  two  Important  aspects 
of  motor  noise.  One,  various  (actors  in  induction 
motor- construction" "can  either  amplify  or  attenuate 
the  noise  produced  by  the  four  sources  previously 
discussed.  The  effect  of  these  construction  factors 
is  considerable  arid,  thus,  of  as  great  an  Importance 
as  the.  sources  themselves.  The  following  construe* 
tion  factors  are  treated  in  the  indicated  sub-soetions. 

8.2  Tolerances 

8.3  Frame  Materials  and  Rigidity 

The  second  aspect  treated  in  this,,  section  is  that 
of  attenuation  devices.  If  the  desired  level  of  motor 
noise  cannot  be  achieved  by  'eduction  of  the  noise 
source,  then  the  noise  produced  by  the  source  must 
be  attenuated  between  the  point  of  generation  and 
where  it  becomes  objectionable. The  following  atten- 
uation  devices  were  studied. 

8.4  Damping  Compounds 

8.5  Encapsulation  Compounds 

8.6  Internal  Isolation 

- -  — - - — 

Manufacturing  tolerances  can  affect  motor  noise 
in  several  ways.  The  most  important  are: 

1)  Eccentricity  of  the  airgap  causes  unbalanced 
magnetic  forces  which  result  In  magnetic 
noise. 

2)  Non-parol lellsm  of  the  rotational  axis  with 
the  bearing  housing  bores  causes  deforma¬ 
tion  of  the  bearing  and  resulting  in  bearing 
noise. 

3)  A  tight  fit  between  bearing  and  shaft  also 
deforms  the  bearing  and  Increases  bearing 
noise. 

No  less  than  twelve  manufacturing  tolerances 
affect  the  concentricity  of  the  air  gap  excluding  in¬ 
ternal  bearing  tolerances.  These  tolerances  apply  to 
the  rotor  and  stator  air  gap  surfaces  and  one  for  each 
mating  part  of  the  following  five  fits:  stator  eore  - 
yoke,  yoke  -  bearing  housing,  bearing  housing- bear¬ 
ing,  bearing  -  shaft,  and  shaft  -  rotor  core.  These 
tolerances  can  cause  the  magnetic  axes  of  the  rotor 
and  stator  to  diverge.  Similarly  six  tolerances  affect 
the  alignment  of  the  axes  of  the  bearing  housing 
bores  after  m,otor.  assembly:  One  for  each  housing 
bore,  housing  OD,  and  yoke  fit.  Misalignment  causes 
the  rotor  axis  to  be  non-pace!!*!  to  both-bearing  hous¬ 
ing  borfs,  arid,  therefore,  the  bearing  Inner  raees  ore 
Jwif-pSfb'Tlel  tip  the  outer  races. 

1  A  40  HP'!,  2  Pole,  364  frame  TEFC  motor  was 
chosen  for  the  investigation  of  the  vibration  caused 
by  these  misalignments.  This  motor  was  supplied 
with  special  bearing  housings  permiting  adjustment 


and  measurement  of  the  air  gap  at  both  ends  of  the 
motor.  The  motor  was  first  tested  with  a  concentric 
36  mil  air  gap.  Then  the  rotor  was  adjusted  such  that 
the  rotor  axis  was  8  mils  below  and  parollel  to  the 
stotor  axis.  Next  the  rotor  was  adjusted  so  that  its 
axis  was  8  mils  above  the  stator  axis  at  the  front 
end  of  the  air  gap  and  8  mils  below  at  the  recr  end. 
Finally  the  rotor  was  adjusted  to  give  a  uniform  36 
mil  air  gap  again. 

Vibration  readings  for  these  conditions  are  given 
In  Tabie  8-1.  The  F  and  R  axes  are  parallel  to  the 
shaft,  and  on  the  front  and  rear  bearing  housings, 
respectively,  Moving  the  rotor  8  mils  off  eenter  caus¬ 
ed  a  general  increase  in  high  frequency  noise.  The 
variation  ranged  from  a  2  adb  decrease  to  a  12  adb 
increase.  This  general  Irterpasp  is  due  to  an  ampli¬ 
fication  of  the  rotor  slot  frequencies]  and  to  the  intro-  jj 
duction  of  additional  harmonic  magnetic  fields  caused  j 
by  the  air  gap  eccentricity.  1. 

TABLE;  8,.  1  J 

<. ,  Effect  of  Eccerirrlc  Air  Gap 
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X 

95 
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Y 
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114 

Z 

108 
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114 
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F 

112 
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126 

R 

118 

116 

116 
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106 

109 

108 

109 

Y 

111 

114 

116 

116 

Z 

113 

117 

118 

117 

F 

119 

124 

127 

127* 

R 
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124 
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Values  foliar*  (ram  Spectrograms  8*1  through  8-8. 


Changing  the  rotor  axis  from  a  parallel  off-center 
alignment  to  the  non-parallel  alignment  resulted  In  a 
very  slight  increase  in  vibration  levels.  The  increase 
in  bearingTtoise  duetto  non-poraiiei  bearing  races 
was  balanced  by  a  decrease  in  magnetic  noise,  al¬ 
though  the  magnetic  noise  remained  greater  than  for 
the  concentric  condition.  The  average  eccentricity  of 
the  air  gap  was  only  half  thot  of  the  previous  test 
sinee  the  rotor  and  stator  axes  crossed  at  the  mid¬ 
point  of  the  cores.  The  bearings  were  permanently 
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damaged  by  operation  under  non-parallel  conditions 
as  evidenced  by  the  high  vibration  levels  after  read¬ 
justment  to  a  concentrie  air  gap. 

While  the  increase  in  noise  was  appreciable  in 
these  tests  the  eccentricity  of  the  air  gap  was  also 
considerable.  The  8  mil  change  In  rotor  axis  place¬ 
ment  resulted  in  air  gap  measurements  of 44-36-28-36 
measured  at  90°  intervals  starting  at  the  top.  This 
variation  is  larger  than  would  result  from  normal 
tolerances.  The  variation  can  be  held  to  reasonable 
limits  by  the  following  methods: 

1)  Performing  all  machining  operations  on  one 
component  at  the  same  time,  thereby  main¬ 
taining  concentricity  of  turns  and  bores. 

2)  Decreasing  the  tolerance  allowances  of  the 
bearing  housing  bores.  An  ABEC-5  or  higher 
tolerance  is  recommended, 

3)  Preloading  bearings  to  take  up  the  internal 
bearing  tolerances. 

4)  Use  of  a  light  press  fit  (1  to  2  mil  interfer¬ 
ence)  between  the  bearing  housings  and  frame. 

Other  measures,  such  as  both v'  boring  out  the 
bearing  housings  and  grinding  the  stgtor  bore  when 
each  part  is  assembled  into  the  frame,  can  be  taken 
as  additional  precautions  but  the  measures  listed 
above  are  considered  sufficient  to  control  the  air 

gap  concentricity.  _ _ 

•  -  dealt  oxgfethrehrwITft  Tftglfi 

tolerances  which  affect  the  air  gap  concentricity. 
Additional  taler #nce  Studies  were  conducted  ta  Con¬ 
junction  with  the  construction  of  the  prototype  mo¬ 
tors  and  are  reported,  in  Section  9.3.1. 

8.3  FRAME  MATERIALS  AND  RIGIDITY 

A  test  was  conducted  to  determine  the  relative 
merits,  as  far  as  noise,, is  concerned,  of  thre*  mater¬ 
ials  used  lor  cast  components.  The  casting  materials 
tested  were  nodular  iron,  cast  steel,  and  aluminum. 

A  7-1/2  HP,  2  Pale,  213  frame  TEFC  motor  was  used 
for  this  study.  The  same  stator  and  roter  assemblies 
were  consecutively  assembled  into  the  frames  end 
bearing  housings  east  of  the  different  materials.  The 
castings  were  made  from  patterns  whleh  were  identi¬ 
cal  except  for  shrinkage  compensation.  Results  of 
this  test  are  furnished  In  Table  8-2.  These  vibration 
acceleration  levels  indicate  that  nodular  iron  Is 
preferable, 

In  addition  to  the  attenuation  and  transmission 
of  vibration  through  frame  materials,  the  motor  com¬ 
ponents  must  have  sufficient  rigidity  to  resist  de¬ 
formation  caused  by  magnetic  forces,  weight  of  rotor 
assembly,  etc.  A  rigid  component  Is  not  necessarily 
a  heavy  one,  although  adding  material  is  one  method 
of  attaining  rigidity.  Assuming  a  constant  applied 
force,  *hs  acce hrstU...  of  tj;s  viuratory  is  in- 

wfiily  proportional  to,; rite  mass  of  the  unit.  In  forms  r 
a>f  decibels,  a  doubling  of  the  weight  of  a  unit  will 
decrease  the  adb  levels  by  6  adb,  if  the  added  weight 
is  inert.  If,  however,  th#  heavier  unit  has  a  higher 
horsepower  rating,  this  is  not  true.  Generally  speak¬ 


ing,  the  vibration  remains  essentially  constant  as  the 
size  of  the  unit  increases. 

TABLE  8-2 


Frame  Material  Study 
Vibration  Acceleration  Levels 


Changing  the- acceleration  leval*  of  aspiclflc 
unftVe^ft^.tesrtaceipItt  the 

transmitted  force  remains  the  same.  If,  however,  the 
unit  Is  made  mere  rigid  by  the  added  weight,  a  net 
gain  will  result.  Material  added  in  the  form  of  ribs 
on  the  yoke  or  bearing  housings  decreases  the  vibra¬ 
tion  mar#  than  would  result  from  the  mere  weight  In¬ 
crease.  (21}  In  specific  Instances,  a  component  may 
be  redesigned  for  greater  rigidity  without  o  weight 
Increase  or  even  with  a  wsijjht  decrease.  Usually, 
however,  some  increase  In  weight  may  be  expected. 

Variations  among  the  mechanical  designs  of  dif¬ 
ferent  frame  sixes  and  different  manufacturers  pre¬ 
cludes  specific  recommendations.  The  following  gen¬ 
eral  recommendations  regarding  the  frame  materials 
and  frame  rigidity  are  made. 

1)  Nodular  Iron  castings  ore  preferab la  to  cast 
steel  and  aluminum  for  attenuating  the  overall 
vibration  produced  In  an  Induction  motor.  The 
differences  In  these  materials  Is  particularly 
noticeable  at  frequencies  above  2000  cps. 

2)  The  attenuating  characteristics  of  the  frame 
are  greater  at  higher  values  of  vibration.  (See 
Section  6,  Figure  6-1) 

3)  Ribbing  of  housings  and  yokes  will  Increase 
their  rigidity  and  reduce  their  vibration  and 
the  airborne  noise  generated  by  this  vibra¬ 
tion.  Several  Important-aspects  about  ribbing  .. 

f  •- — >  ^aius^be  con  ridded;  *  ' 

a.  Use  of  circular  rather  than  oxlal  ribs  will 
cause  a  greater  reduction  of  deflections 
due  to  radial  air  gap  forces. 

b.  Ribs  should  not  Intorrupt  a  high  velocity 
air  stream.  For  example,  the  fan  end  bear- 
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ing  housing  of  TEFC motors  should  not  be 
externally  ribbed. 

8.4  DAMPING  COMPOUNDS 

A  study  was  made  of  the  feasibility  of  using 
domping  compounds  on  motor  components.  These 
compounds,  usually  of  either  a  tar  or  plastic  base, 
are  applied  to  the  metal. surfaces.  Any  vibration  of 
the  metal  results  in  a  stretching  and  contracting  of 
the  metal  surface  and  therefore  of  the  coating.  This 
flexing  of  the  compound  dissipates  some  of  the  vi¬ 
bratory  motion  in  the  form  of  heat.  These  compounds 
are  particularly  effective  whbn  applied  to  large,  thin, 
unsupported  plates.  The  purpose  of  this  study  was  to 
determine  if  these  compound!!  were  effective  on  cast 
motor  opmponents  whose  shajies  are  quite  dissimilar 
from  a  f\ot  unsupported  pliitei' 

Tests  were  conducted  on  bearing  housings  and 
air  deflectors  of  open  motors  and'fan  housings  of 
totally  enclosed,  fan' cooled  motors. t.  The  fioitsmgs 
were  of  east  Iron  whiletho  air  deflectors  we/#  stamp¬ 
ed  from  sheet  steel.  F.oqr  sets  of  components  wire 
prepared.  The  first  set  was  not  coated,  the  other 
three  were  coated  with  H.L.  Blachford’s  Aquaplas, 
Minnesota  Mining  and  Manufacturing  Company's  com¬ 
pounds  EC‘244  and  1378,  respectively.  Before  as¬ 
sembling  the  components  info  the  test  motors,  the 

com^nenliL.j>itaM-hupa-feom-o.-w  . 

TF  was  observed  that  the  uncoated  air  deflectors  pro¬ 
duced  a  pronounced  ring  effect,  while  the  coated  ones 
did  not,  indicating  that  all  three  compounds  drastic¬ 
ally  reduced  the  vibration  decay  time  of  this  part. 
The  cast  bearing  &  fan  housings  produced  little  "ring" 
In  either  the  coated  or  uncoated  condition. 

A  3  HP,  2  Polo,  184  frame  open  motor  was  sue- 
.  cessively  equipped  with  the  four  sets  of  bearinghous- 
Ings  and  air  deflectors. Table  8-3  shows  the  negligible 
change  In  vibration  acceleration  levels  due  to  the 
coatings.  Table  8-4  Indicates  the  airborne  noisj.was 
!  also  unaffected  by  the  use  of  domping  compounds. 
This  is  attributed  to  the  following  reasons: 

1)  The  structurally  complex  shape  of  ^te  com¬ 
ponents. 

2)  The  relatively  thick  cast  construction. 

3)  Assembly  of  components  into  motor  increased 
'  their  rigidity.  Thus,  while  the  noise  generat¬ 
ing  characteristics  of  the  air  deflectors  were 
greatly  changed,  there  was  no  diseernable 
change  In  motor  noise. 

TABLE  8-3 

Boating  Housing  Coatings 
Vibration  Acceleration  Levels 


Band 

Axis 

No  Coating 

EC-244 

1378 

63 

X 

81.5 

77 

~  80 

84 

Y 

83 

82 

82.5 

83 

Z 

82.5 

82.5 

81.5 

83 

125 

X 

76 

78 
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84 

Y 
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84 

86 

84 

Z 

83 
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79 

81 
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78 

85 

86 

Y 
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75 
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70 

73 

70 

73 
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Z 

72 
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...  TABLE  8  -.4 

Bear!  no.  Housinq.Cooiiag* 
Sounu  Pressure  Levels 


Band 

No  Coablnrt 

Auuoplos 

EC-244 

1378 

3t5 

48 

47 

32 

51 

1,000 

49 

32 

49 

50 

5,000  . 

37 

40 

42— 

39 

Overall 

58 

59 

58.5 

58 

Values  taken  from  Spactrogrami  8-16  and  8-17 
Table  8-5  shows  the  airborne  sound  levels  for  a 
5  HP,  2  Pole,  213  frame  TEFC  motor  supplied  with 
the  four  fan  housings  previously  described.  The  fan 
housings  are  simpler  in  construction  than  the  bearing 
housings,  have  thinner  walls,  and  only  three  paint 
rather  than  continuous  contact  with  the  frame.  These 
factors,  In  conjunction  with  the  possibility  of  the 
porous  compounds  absorbing  some  of  the  fan-caused 
airborne  noise,  prompted  this  test.  As  Table  9-5  indi¬ 
cates,  the  effect  of  the  compounds  Is  again  neglig¬ 
ible.  Therefore,  It  Is  concluded  that  the  use  of  damp¬ 
ing  compounds  on  cast  or  small  fabricated  motor  com¬ 
ponent*  will  not  reduce  meter  noise.  This  conclusion 
will  not  apply  to  sheet  mete!  enclosures  mounted  on 

the  motor  frame.  , 

TABLE  8-5 

Fan  Housing  Coatings 

Sound  Pressure  Levels  _ 


Band 

Ne  Coating 

Aquaplas 

EC-244 

1378 

63 

61 

60 

62 

60 

800 

70 

70 

70 

70 

2,500 

63 

62 

62 

62 

Overall 

78 

78 

77 

78 

Values  taken  from  Spectrograms  8-18  and  B- 19 
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8.5  ENCAPSULATION  COMPOUNDS 

Airborne  and  struetureborne  noise  tests  were 
conducted  to  determine  the  effects  of  encapsulation 
compounds  on  motor  noise.  Use  of  these  compounds 
to  seal  off  the  motor  windings  from  the  environment 
Is  becoming  Widespread.  The  encapsulation  method 
for  the  test  motors  utilized  molds  to  insure  complete 
fill  of  the  winding  and  end  turns.  The  encapsulation 
material  used  was  Epoxylite's  compound  #293*12. 

A  3  HP,  4  Pole,  184  frame  dripproof  protected 
motor  was  used  for  the  airborne  test.  Airborne  read* 
ings  were  taken  at  eight  points  around  the  motor  be* 
fore  and  after  encapsulation  of  the  motor  windings. 
The  spectrograms  (8*20  thru  8-25)  reveal  an  appre¬ 
ciable  change  in  the  directivity  of  various  frequen¬ 
cies  but,,  the  average  levels  remain  essentially  con¬ 
stant.  Although  the  presence  of  the  encapsulation 
material  neither  increase  nor  decreases  airborne 
noise,  the  directivity  of  airborne  noise  Is  appreciably 
changed  because  the  air  flow  path  is  changed. 

The  vibration  test  was  conducted  on  a  2  HP,  4 
Pole,  182  frame  open  motor  Table  8-6  lists  the  prom* 
inent  1/3  octave  vibration  acceleration  levels  for  two 
vertical  axes;  (1)  the  Z-axis  on  the  motor  feet,  and 
(2)  an  axis  on  the  stator  core.^The^  stator  core  axis 

in  care  vibration  due  to  the  stator  coll  encapsula¬ 
tion.  The  primary  rotor  slot  frequencies  of  this  motor 
reflects  in  both  the  1000  and  1250  eps  bands.  The 
two  axes  in  these  bands  reveal  an  average  6  adb  de¬ 
crease  caused  by  the  encapsulation.  The  spectro¬ 
grams  for  ths  sncapsulated  motor  also  reflect  spur¬ 
ious  changes  due  to  bearing  deterioration  which 
caused  an  Increase  in  the  31.5  and  8000  cps  bands 
on  the  Z-axis.  Both  the  31.5  cps  band,  which  con¬ 
tains  the  rotational  frequency  (30  cp^),  and  the  .8000 
bandoften  reflect  bearing  noise.  The  core  axis  shows 
a  decrease  in  these  bands  indicating  the  changes  do 
not  originate  In  the  stator  core.  Since  the  change 
was  so  clearly  a  result  of  a  defective  bearing,  the 
test  was  not  repeated. 

TABLE  8-6  Encapsulation  Tost 


Vibration  Acceleration  Lovels 


Bond 

Axis 

Unencopsulated 

Encapsulated 

'31.5-  - 

_ z 

. 75 

.  80.  i 

Coro 

76 

”  . 73'  " 

125 

z 

72 

70 

Coro 

77 

75 

1000 

z 

104 

96 

Cor» 

99 

96 

1250 

Z 

107 

101 

Core 

110 

104 

8000 

z 

97 

103 

Core 

101 

98 

Ovoroll 

z 

112 

109 

Core 

112 

108 

Values  token  from  Spectrograms  8*26  and  8-27. 


The  6  adb  decrease  in  magnetic  noise  may  be 
caused  by  two  factors;  (1)  the  epoxy  encapsulation 
moterial  completely  fills  the  stator  slots.  If  the  com¬ 
pound  is  sufficiently  rigid,  thls  will  add  to  the  stator 
.core  and  tooth  rigidity  and,  thus,  reduce  the  deflec¬ 
tions- caused  by  the  magnetic  force  waves.  (2)  the 
presence  of  encapsulation  around  the  end  turns  and 
through  the  slots  can  act  os  either  a  rigid  support  or 
a  damping  agent  depending  upon  the  rigidity  of  the 

material.  _ 

The  6  adb  decrease  obtained  using  the  Epoxy- 
lite  epoxy  compound  is  sufficiently  large  that  fur¬ 
ther  work  In  this  field  is  warranted.  It  is  recommend¬ 
ed  that  a  study  be  made  to  optimize  the  encapsula¬ 
tion  compound  to  a  maximum  reduction  of  magnetic 
noise. 

An  encapsulation  Insulation  system  has  recently 
been  developed  that  can  withstand  occasional  sub¬ 
mergence  in  salt  water  (BuShips  Contract  NOBS 
72314).  Incorporation  of  this  development  with  the  , 
vibration  reduction  caused  by  encapsulation  suggests 
the  feasibility  of  utilizing  quieter  encapsulated  mo-  /  ' 
tors  in  many  "applications  now  requiring  totally  en¬ 
closed  motors. 

The  feasibility  of  providing  internal  Isolation 
material  between  the  stator  core  and  frame  was  In¬ 
vestigated.  The  fundamental  theory  of  vibration  Iso¬ 
lation  and  the  problems  afpravldlng  Internal  Isola¬ 
tion  and  the  problems  of  providing  internal  isolation 
are  treated.  Tests  of  a  sample  isolation  system  indi¬ 
cate  a  large  decrease  In  motor  vibration,  especially 
In  the  high  frequencies. 

Any  Isolation  material  has  a  transmlssibillty 
versus  frequency  churacteiisilc  similui  iu  ihui  shown 

In  Figure  8-1.  The  equation  for  this  curve  can  be 
given  exactly  for  steel  springs  because  they  have 
straight  line  load  deflection  characteristics  and  neg¬ 
ligible  damping. 


where  T  =  transmits  Ibility 

Ff  =  force  transmitted  through  the 
resilient  mounting. 

Fj  =  disturbing  force  in  same  units 
as  Ft  , 

f  j  =  frequency  of  disturbing  vibra¬ 
tion  in  cycles  per  second. 

f  n  =  natural  frequency  of  the  re¬ 
siliency  mounted  system  in 
cps. 
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The  natural  frequency  of  the  resiliency  mounted  sys¬ 
tem,  f  ,  is 
n 


where  d  =  static  deflection  of  the  resil¬ 
ient  mounting  in  inches, 
k  =  spring  constant  or  stiffness 
factor  of  the  mounting  In  pounds 
per  inch  of  deflection. 

W  =  weight  on  the  mounting  in 
pounds. 

As  indicated  above,  these  equations  ore  exact  only 
for  steel  springs  or  the  equivalent.  For  rubber  and 
neoprene,  50%  of  the  static  deflection  may  be  used 
when  calculating  fn,  (22) 


The. natural  frequency,  f,  of  a  resiliency  mount¬ 
ed  system  is  the  frequency  of  which  It  will  oscillate 
by  itself  if  a  foree  is  exerted  on  the  system  and  then 
released.  A  system  may  have  up  to  six  natural  fre¬ 
quencies,  but  it  will  be  found  that  in  the  proctieal 
selection  of  machine  mountings,  if  the  vertical  nat¬ 
ural  frequency  of  the  system  is  made  low  enough  for 
a  low  transmissibility,  the  horizontal  and  rotational 
natural  frequencies,  will  generally  !>*  lower  thon-ihc 
vertical  and  can  be  disregarded. 

The  curve  in  Figure  6-1  passes  through  unity 
transmissibility  atV?fn.  Between  zerocps  ond«/7 fn 
cps,the  transmitted  force  is  greater  than  the  disturb¬ 
ing  foree.  Although  the  amount  of  damping  may  affect 
the  value  of  f  ,the  transmissibility  curve  willolways 
pass  through  the</2  fn.  An  increase  In  the  spring 


<> 


constant,  k,  will  lower  the  peak  at  f  and  raise  the 
transmissibility  beyondVT fn,  until  the  extreme  case 
of  no  isolation  results  in  a  horizontal  line  through 
unity  transmissibility. 

Because  the  use  of  any  isolation  material  re¬ 
sults  in  an  amplification  of  a l.l_.  frequencies  below 
JH  fn,  it  is  imperative  that  fn  be  equal  or  less  than 
the  lowest  frequency  vibration  of  importance.  In  in¬ 
duction  motors,  this  frequency  is  the  rotational  fre¬ 
quency,  f  .  Therefore,  the  natural  frequency  must 
meet  the  following  condition: 


or  f<120(H) 
n  /7  P 


Sinee  the  isolotion  must  be  effective  at  no  load  (s  = 
0)  as  well  as  full  load,  Equation  8.4  may  be  simpli¬ 
fied, 


f  8.5 

n  ^  p 

In  addition  to  preventing,  any  amplification  of 
rCTOTtBJItfV frf^DSiTCy  nfflTB/J T5w  resonant  frequency 
Is  desirable  to  reduce  the  transmissibility  of  any  vi¬ 
bration  having  a  frequency  greater  than  rheV!FfnvTTri  s 
can  be  seen  from  Equation  8-1.  The  larger  the  term 
(fj/fn)  !  becomes,  the  lower  the  transmitted  foree. 
The  disturbing  frequency,  fj,  is  that  of  the  vibration 
being  isolated;  thus  the  only  remaining  variable  Is 
f_.  Reducing  fn  by  Increasing  the  static  deflection 
(Equation  8.2)  reduces  the  vibration  transmission. 
As  Equation  8-3  Indicates,  the  deflection  may  be  irt- 
creased  by  either  decreasing  the  spring  constant  or 
Increasing  the  weight  W, 

Application  of  the  theory  of  vibration  isolation  to 
the  Interior  of  on  Induction  motor  presents  several 
problems:  (1)  A  minimum  of  space  is  available  for 
the  isolation  material,  (2)  The  lew  natural  frequency 
required  by  Equation  8.5  requires  both  a  low  stiff¬ 
ness  (high  resiliency)  and  a  relatively  high  compres¬ 
sion  force. 

A  survey  of  the  Isolation  materials  presently 
manufactured  revealed  that  a  waffle  shaped  pad  (man¬ 
ufactured  by  Fabreeka)  designed  for  use  under  mach¬ 
inery  came  closest  to  meeting  these  requirements. 
Figure  8-2  shows  samples  of  these  pads  and  the 
modified  stator  core  of  a  5  HP,  2  Pole  motor  which 

nu#  used  fwi  TeSiiliy  i  i'll  or  "a!  i-wluiiull.  The  meter i J i 

was  cut  into  a  strip  and  wound  around  the  stator  core 
O.D.  A  metal  band  was  clamped  around  the  pad  to  , 
compress  it  ond  to  supply,  a  metal  surface  to  permit  | 
pressing  the  assembly  into  the  motor  frame.  The  pad 
was  compressed  witho  pressure  of  50 lbs.  per  square 
inch  and  resulted  in  a  natural  frequency  of  approxi¬ 
mately  20  cycles  per  second. 
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FIGURE  8-2 
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Table  8-7  list*  the  prominent  1/3  octave  vibra¬ 
tion  acceleration  levels  (or  the  original  2  Pole  motor 
(not  isolated)  and  the  same  unit  modified  to  accom¬ 
modate  the  isolated  core.  All  frequency  bands  other 
than  315cp*  lndicata;aJjawecj^^j^  jof^h«-jnt»w« - 

a tfy  T ibraFed  unli.  Thi *  reduction  is  greatest  for  the 
radial  axes  (Y  and  Z)  In  the  4000  eps  band,  which 
contain*  the^loublenrotor  slot  frequencies  described 
in  Section  3.  The  next  highest  vibration  reduction 
occurs  in  the  63 cps  band  indicating  that  appreciable  - 
amount  of  rotational  frequency  (60  cps)  originates  in 
the  stator.  The  315  cps  band  for  the  motor  contains 
the  preload  band  and  its  erratic  variation  is  of  no 
consequence.  Internal  Isolation  results  in  an  appre¬ 
ciable  decrease  In  vibrotioi>  |ey.i.lA>  not  .j»nlyv|if  tjje 
magnetic  noise  but  of  the  entire  frequency  speetrum. 
TABLE  8-7  Internal  Isolation 
_ Vlbrotlon  Acceleration  Levels _ 


.Table  8-8  gives  an  Indication  of  the  attenuation 
of  motor  vibration  between  the  stator  core  and  frame 
ofthe  isolated  unit.  Prominent  one-third  octave  levels 
or#  shown  for  both  the  motor  running  aV.no  load  and 
for  a  half-voltage  locked  rotor  condition,  The  latter 
test  was  conducted  to  eliminate  all  rotation-dependent 
noise  and  vibration. 

TABLE  8-8  .. 

Isolation  Test 

Vibration  Acceleration  Levels 


63 

125 

250 

315 

2,000 

4,000 

10,000 

Overall 


*  Values  lets  than  93  adb  were  below  range  of  recording 
paper  for  the  locked  rotor  condition. 


Although  the  effectiveness  of  Interne)  fjefetitm 
In  reducing  motor  noise  has  been  proven,  several 
problems  arise  through  their  use.  The  Isolation  ma¬ 
terial  I*  as  an  efficient  a  thermal  Insulator  os  vibra¬ 
tion  isolator.  The  location  of  this  material  between 
the  stator  core  and  frame  places  it  in  the  path  of  one 
of  the  main  avenues  of  heat  removal.  In  addition,  the 
isolation  material  must  be  resistant  to  any  contamin- 
ants  ln  the  atmosphere.  Two  isolation  manufacturers 
liave  expressed  the  opinion  that  Internal  isolators 
can  bo  made  of  materials  resistant  to  both  contamin- 
and*  and  the  maximum  hot  spat  temperature  of  Class 
B  motors.  Whether  motors  with  such  Isolation  can  be 
cooled  sufficiently  is  not  apparent.  It  is  recommended 
that  this  aspect  receive  further  study. 


crV=> 


Values  taken  from  Spectrograms  8-28  and  8*29. 
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SECTION  9 

PROTOTYPE  MOTORS 


9.1  RATINGS  AND  PURPOSE 


Four  prototype  were  built  at  port  of  this  ttudy. 
All  were  alternating  current,  440  volt,  60  cycle,  3 
phaie,  2  Pole  Induction  motors.  One  each  of  tfce  fol¬ 
lowing  wot  furnished:  i, 

1)  5  HP,  drlpproof  protected,  184  ftome- 
-  -  2)  5  HP,  totally  cr.cloccd,  for.  coclod, i. '3 fruiTic. 

3)  40  HP,  drlpproof  protected,  324  frame. 

4)  40  HP,  totally  enclosed,  fan  cooled,  364 
frame. 

These  motors  were  designed  to  meet  the  specifica¬ 
tions  of  MIL-M-17060B  to  the  maximum  extent  com¬ 
patible  with  the  low  noise  criteria  developed  In  the 
preceding  sections.  The  minimum  acceptable  per¬ 
formance  values  given  in  this  Military  Specification 
were  considered  to  be  design  requirements. 

The  purpose  of  building  and  testing  these  mo¬ 


tors  was  threefold; 

1)  To  verify  the  conclusions  of  the  Individual 
studies.  The  different  ratings,  frame  sizes, 
and  enclosure  types  constitute  a  eemprehen- 

== — alt^  . 

2)  To  determine  the  mutual  compatibility  of  the 
design  criteria*  The  motors  were  essentially 
a  summation  of  the  low  noise  condition  of 
the  individual  studies. 

3)  To  determine  additional  design  eriteria.Three 
principal  aspects  were  planned  for  study  In 
con|unction  with  the  prototype  motors;  toler¬ 
ances,  use  of  external  balance  rings,  and 
preload  adjusters.  Additional  design  criteria 
were  developed  as  a  result  of  the  analyses 
of  the  prototype  motors. 


9.2  DESIGN  DATA 

The  prototype  motors  Incorporated  all  appropriate 
design  criteria  developed  at  the  time  of  their  design. 
The  design  criteria  used  for  these  maters  are  these 
in  Section  10.1  that  are  marked  with  an  asterisk. 
Those  not  marked  were  developed  subsequent  to  the 
motor  design.  Specific  data  pertinent  to  these  de¬ 
sign  criteria  is  furnished  In  Table  9-1.  Masterplans 
of  these  motors  are  at  the  end  of  this  chapter. 
TABLE  9-1 

_  =  -_  —  Prototype  Dora 


promt  Site 

164 

213 

324 

344 

Maximum  Air  Gap 

Flux  Density 

38,800 

40,000 

34,800 

28,500 

Mumbtr  of 

Stator  Slot* 

24 

34 

48 

48 

Mumbar  of 

Rotor  Slot* 

32 

28 

38 

54 

From*  SI  to 

184 

213 

324 

344 

Lowest  Number 

Nodes  Slot  Frequency 

12 

12 

V 

12 

Stator  Slot 

Nock  Opening 

.130 

.130 

.110 

.130 

ft  If  1*4  _ _ _ 

.  1JWRS 

i.ooss 

l.nops 

1.29SS 

1.00RS _ 

1 .24SS 

JJ7RS 

I.OOSS 

Pitch  Rotlo 

7/12 

io/18 

13/24 

13/24 

Inter  laranca 

Fit  -  Front 

Roar 

.0002 

.0003 

.0003 

.0003 

.0002 

.0003 

.0001 

.0002 

No.  Intarnal 

Fan  Glades 

7 

4 

4 

10 

No.  External 

Fan  Bladas 

4 

- 

4 

Full  Lead 

Temp.  Rise 

42®C 

586C 

44  °C 

47°C 

Air  Gap 

Length 

.018** 

.025" 

•030"  „ 

.040" 

fig  nrlng  Slur  - - — 

•‘""IW-  ... 

- 

IHetor  Weight 

-  m— 

-148#  - 

-445#  - 

BT6# 

Several  comments  are  pertinent  to  the  construction 
of  these  motors. 

1)  The  desirability  of  short  pitching  the  eoils 
of  the  two  pole  motors  to  facilitate  the  wind¬ 
ing  of  the  motor  mode  it  Impossible  to  reduce 
both  the  5th  and  7th  stator  harmonic.  The 
pitch  ratio  selected  for  the  prototype  motors 
effectively  attenuated  only  the  7th  harmonic. 

2)  Open  bearings  were  used  because  of  the  un¬ 
availability  of  shielded  or  sealed  bearings 
meeting  Amendment  2  of  MIL-B-17931A. 

3)  The  drlpproof  protected  motors  were  built  on 
the  184  and  324  frames  specified  by  MIL-M- 
17060B.  The  NEMA  frame  sizes  specified 
for  5  and  40  HP,  2  Pole  DPP  motors  are  the 
213  and  326  respectively. 

4)  The  motors  were  provided  with  external  bal¬ 
ance  rings  for  fine  balancing  and  In-place 
balancing.  The  totally-enclosed  motors  util- 

_  lied  a  balance  ring  welded  to  the  ccnlcol  fan 
shroud.  The  other  balance  rings  were  mach¬ 
ined  from  one  piece  of  stock  rather  than  fab¬ 
ricated.  A  discussion  of  the  effect  of  balance 
rings  an  motor  noise  Is  presented  In  Section 
9.3.2. 

5)  Preload  ad|ustors  similar  to  that  shown  In 
Figure  4*2  were  incorporated  in  the  motors’ 
design.  See  discussion  In  Section  9.33.  To 
facilitate  the  trial  inclusion  of  this  device, 
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the  prototype  motors  hove  no  provision  (or 
regreasing  the  bearings. 

6)  The  space  required  by  the  preload  adjustor 
and  necessary  clearance  for  adjustment  oc¬ 
cupied  the  space  normally  used  (or  the  sta¬ 
tionary  end  cap  .bolts,  Replacement  of  the 
stationary  end  caps  with  rotating  end  caps 
was  made  on  an  experimental  basis.  The  ro¬ 
tating  end  caps  fit  on  the  shaft  bearing  seat 
and  the  bearing  inner  race  presses  against 
_ }L.  ..J  ...  r=.u..  ti'L-  -L.  -U=ft 


shoulder.  It  was  (eared  that  obtaining  a  sat¬ 
isfactory  face  run-out  of  this  shoulder  might 
be  difficult.  The  effect  of  this  surface  on 
bearing  noise  (not  studied  under  this  con¬ 
tract)  is  considered  to  be  appreciable  by 
some  bearing  experts.  The  face  run-out  of  the 
shaft  shoulder  of  all  four  motors  was  measur¬ 
ed,  as  well  as  the  face  run-out  of  the  rotating 
end  cap  held  in  place  on  the  shaft  by  clamps 
which  simulated  the  preload  force.  In  all 
cases,  the  face  run-out  was  less  with  the  end 
caps  In  place.  It  appears  that  the  preload 
force  causes  the  rotating  end  cap  to  assume 
a  position  such  that  the  surface  irregularities 

fating  end  caps  Is  considered  compatible 
with  low  noise  design. 

7)  The  use  of  preload  adjustors  and  external 
balance  rings  affected  both  the  overall  length 
and  weight  af  the  machines.  Tha  preload  ad- 
justors  were  placed  In  the  front  bearing  hous¬ 
ings  of  all  four  units.  This  device  extends 
beyond  the  bearing  housing  approximately 
one-half  Inch.  This  the  balance  rings  of  the 
dripproof  protected  motors  and  the  fan-bal- 
once  ring  assemblies  of  tha  totally  enclosed 
motors  were  located  farther  from  the  motor 
center.  The  components  of  the  totally  en¬ 
closed  motors  were  designed  so  that  stand¬ 
ard  fan  housings  could  be  used.  Therefore,., 
these  motors  were  not  lengthened  at  the  front 
end.  The  dripproof  protected  units  wars, 
lengthened  approximately  inches  at  this 
end  and  all  the  units  were  extended  1M  for 
the  rear  balance  ring.  The  40  HP  units  are  of 
a  satisfactory  weight,  but  the  5  HP  motors 
with  the  balance  rings  slightly  exceed  the 
weight  limit  specified  lnMIL-M-17060B.  With¬ 
out  the  balance  rings  but  with  the  totally  en¬ 
closed  fan-balance  ring"  dssemBly^both  mo-  t 
tots  meet  the  weight  specification. 


9.3  ADDITIONAL  STUDIES 

The  third  purpose  of  building  these  motors  will 
be  treated  first  because  many  of  the  steps  necessary 
to  conduct  the  additional  studies  affect  the  construe- 
ion  of  the  motors. 


9.3.1  Tolerances 

The  attainability  of  reduced  tolerances  of  three 
noise-affecting  machine  surfaces  was  studied  in  con¬ 
junction  with  building  of  the  prototype  motors: 

1)  Air  gap  eccentricity. 

2)  Out-of-roundness  of  bearing  seat  on  shaft. 

3)  Shaft-bearing  fit. 

It  was  desired  to  hold  the  steel-to-steel  air  gap 
eccentricity  to  less  than  2  mils.  As  mentioned  in  Sec- 
_  tlon  ft.  ten  motor  tolerances  plus  internal  and  extern¬ 
al  bearing  tolerances  affect  this  eccentricity.  How¬ 
ever,  it  may  be  expected  that  many  production  varia¬ 
tions  will  be  of  a  compensating  rather  than  an  accum¬ 
ulative  nature.  The  special  precautions  taken  in  the 
construction  of  these  motors  to  reduce  the  air  gap 
eccentricity  were  a  1  to 2  mil  interference  fit  between 
bearing  housing  and  frame  and  a  1  mil  tolerance  for 
the  rotor  turning.  The  measured  eccentricity  of  the 
air  gaps  of  all  four  motors  was  less  than  1  mil. 

The  out-of-roundness  of  the  bearing  seats  were 
held  to  lest  than  0.0001  Inch  by  special  grinding  by 
skilled  machinists.  It  was  found  that  the  eccentricity 
of  the  bearing  seat  with  respect  to  the  axis  of  rota¬ 
tion  increased  markedly  after  the  rotor  ..cor#  was 
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dition  by  decreasing  the  care-shaft  interference  and 
grindingthe  bearing  seats  after  the  core  was  inplace, 
met  with  little  success.  However,  It  Is  the  out-of- 
roundness,  not  the  eccentricity,  that  deforms  the  bear¬ 
ing  inner  raceway  and  ereotes  bearing  noise^  The 
bearing  seat  eccentricity  is  but  one  cause  of  the  air 
gap  eccentricity  described  above  which  the  four  mo¬ 
tors  indicate  may  be  adequately  controlled. 

The  third  tolerance  investigated  was  the  shaft¬ 
bearing  fit.  The  study  reported  In  Section  4  indicates 
the  desirability  of  a  light  press  fit  (0.0001  inch  to 
0.0003  Inch)  between  the  shaft  and  bearing.  The  pro¬ 
totype  motors  use  bearings  with  ABEC-7  external 
tolerances  and  the  shaft  bearing  seat  tolerances  were 
those  recommended  for  ABEC-7  bearings  by  the  Anti- 
Friction  Bearing  Manufacturers  Association.  These 
tolerance  limits  permit  sufficient  variation  that  sel¬ 
ective  mating  of  parts  is  required  but  is  not  difficult. 
The  measured  shaft  and  bearing  dimensions  were 
such  that  over  90%  of  tha  bearings  supplied  could  be 
used  without  exceeding  the  0.0003  Inch  interference. 

9.3.2  External  Balance  Rings 

The  rotor  assemblies  of  the  prototype^  motors 
were- balanced  as  fine  as- possible  using  Gisholt 
machines.  After  assembly  and  without  external  bal¬ 
ance  rings,  the  motors’  unbalance  varied  between  .1 
and  .3  mils  displacement  of  the  bearing  housing  hub. 
After  addition  of  the  balance  rings,  which  had  also 
been  dynamically  balanced,  the  motors’  unbalance 
increased  to  between  .8  and  1.6  mils  displacement. 
Unfortunately,  the  dynamic  balancing  equipment  on 
hand  at  the  time  of  this  study  { IRD  Model  400)  was 
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inadequate  for  balancing  to  Iasi  than  .2  mils  dis¬ 
placement.  Lack  of  time  prevented  the  acquisition  of 
additional  equipment;  therefore,  the  motors  were  re¬ 
balanced  to  the  maximum  degree  possible  with  the 
existing  equipment.  One-third  octave  analyses  of  the 
acceleration  db  levels  produced  by  the  motors  with 
and  without  the  balance  rings  revealed  that  the  bal¬ 
ance  rings  not  only  increased  rotational  frequency 
(60cps)  vibration,  but  also  the  levels  of  the  125,  500, 
800  and  2000  cps  band.  As  the  noise  tests  of  the  mo¬ 
tors  indicate,  the  60  cycle  levels  are  not  as  objee- 
t.! enable  -as  the -higher  frequencies.-  Thus  tlve  proto¬ 
type  motors  had  a  better  frequency  composition  of 
vibration  without  the  external  balance  rings. 

Due  to  the  inadequacy  of  the  balancing  equip¬ 
ment,  no  concrete  conclusions  as  to  the  advisability 
of  the  use  of  External  balance  rings  can  be  made. 
This  work  dorfs  indicate  the  need  for  a  comprehen¬ 
sive  study  of  motor  balance  and  methods  of  correct¬ 
ing  unbalance. 

9.3.3  Preload  Adjustor 


9.4.3  Bearing  Noise 

9.4.4  Fan  Noise 

The  one-third  octave  test  data  of  the  prototype 
motors  is  supplied  in  $pectrogrom  sheets  9-1  through 
9.12.  The  structureborne  noise  recorded  on  the  feet 
ot  the  front  and  rear  ends  and  the  airborne  noise  re¬ 
corded  in  the  Allis-Chalmers  reverberant  sound  room 
ore  furnished  for  the  motors  in  order  of  increasing 
frame  size.  The  sound  spectrograms  at  various  posi¬ 
tions  around  the  motor  are  essentially  identical  be¬ 
cause  of  the  reverberant  rnnm.  Th-r*lnre,  only  a  mini 
mum  number  of  sound  pressure  spectrograms  are  furn¬ 
ished.  The  sources  of  discrete  frequencies  and  fre¬ 
quency  bands  of  noise  produced  by  these  motors  are 
furnished  In  tables  9-2  through  9-5.  The  primary  and. 
secondary  rotor  slot  frequencies  are  those  calculated 
using  the  formulas  of  Table  3-2  that  have  the  least 
number  of  nodes.  Spectrogram  sheets  9-13  and  9-14 
contain  a  narrow  (6%)  band  analysis  of  the  airborne 
noise  produced  by  the  184 frame  motor  for  illustrative 
and  comparative  purposes. 


It  Is  shown  in  Section  4  that  the  bearing  noise  TABLE  9-2 

is  highly  dependent  upon  the  axial  preload  force. 

This  force  is  produced  by  the  compression  of  a  thrust  Sources  of  Noise  And  Vtbretlon 
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tional  to  this  comprosrion.  The  normaf  variation  in 
end  play  due  to  tolerance  limits  can  be  as  great  as  ' 

50miU.  For  the  spring  characteristics  of  fhrustwash- 
ers  normally  used,  this  can  cause  an  excessive  var¬ 
iation  In  preload  force.  The  use  of  a  preload  adjustor 
eliminates  these  problems  concerning  axial  toler¬ 
ances.  The  preload  adjustor  also  permits  the  ready 
adjustment  of  the  preload  force  that  results  in  mini¬ 
mum  motor  noise.  This  adjustment  may  be  made  with¬ 
out  motor  disassembly  but  should  be  done  with  the 
motor  at  rest  to  prevent  momentary  overloading  and 
subsequent  bearing  damage.  The  prototype  motors 
were  the  first  applications  made  of  this  device  end 
no  difficulties  were  encountered.  Use  of  this  preload 
adjustor  Is  considered  agree*  aid  In  minimizing  bear¬ 


ing  noise  on  a  practical  production  basis. 


Sources  of  Noise  And  Vibration 


9.4  NOISE  ANALYSIS  OF  PROTOTYPE  MOTORS 


5  HP  2  Pole  213  Frame 


The  analysis  of  the  noise  and  vibration  reduc¬ 
tion  achieved  in  the  design  of  the  prototype  motors 
is  necessary  to  satisfy  the  first  two  purposes  of  their 
construction.  Both  tho  verification  of  the  individual 
studios  and  the  mutual  compatibility  of  the  study  re¬ 
sults  [design  criteria*  wfli  be  treated  nmuliurmously 
with  the  analysis.  The  noise  produced  by  all  four  mo¬ 
tors  will  be  analyzed  for  each  neite  source  to  facili¬ 
tate  reference  toithe  individual  studies.  The  noise 
produced  by  the  four  sources  are  treated  in  the  fol¬ 
lowing  sub-sections: 

9.4.1  Unbalance  Noise 

9.4.2  Magnetic  Noise 


1/3  Octeve 

Frequency 

Source 

43 

60 

Unbalance 

125 

120 

Fundamental  Radial  Force  Wave 

200 

8ond 

Prelood  Bond 

.  1.VJ5 

\  |  BOO 

Primary  Rotor  SI®*_Fre«i***w*y 

2000 

Radial  Force  Wove 

2500 

Band  cm* 
teredo!  2700 

Beorlng  Nolee 

3150 

3240 

Seconder/  Rotor  Slot  Frequency 
Radial  Force  Wave 

6300 

Bond 

Bearing  Weor«in 

(subsequently  reduced) 

8000 

Band 

Beorlng  Friction  & 

Surface  Roughness 

Frequencies  taken  from  Spectrograms  9*4  through  9*6. 

TABLE  9-4 


Sources  of  Noise  And  Vibration 
40  HP  2  Pole  324  Frame 


1/3  Octev* 

Frequency 

Source 

63 

60 

Unbalance 

125 

120 

Fundamental  Radial  Force  Wave 

250 

Bond 

Preload  Band  + 

2nd  Harmonic  of  120  cp»it 

1000 

Band 

Bearing  Noise  + 

flsln  UnrmnnlA  nf  rn* 

2500 

2400 

Primary  Rotor  Slot  Frequency 
Radial  Force  Wave 

4000 

4440 

Secondary  Rotor  Slot  Frequency 

5000 

Radial  Force  Wove  i 

10000 

Band 

Booring  Friction  A 

12500 

Surface  Roughneii  \ 

Frequencies  token  from  Spectrograms  9*7  through  9*9 


TABLE  9-5 


Sources  of  Noise  And  Vibration 
40  HP  2  Pole  364  Frame 


_ 

— 173  Octave 

Frsquuiay 

...  . 

63 

60 

Unbalance 

125 

120 

Fundamental  Radial  Farca  Wava 

250 

240 

Fan  Blade  Frequency 

315 

Bond 

Preload  Bond 

500 

480 

Twice  Fon  Blade  Frequency 

3150 

3240 

Primary  Rotor  Slot  Froqueney 

Radial  Force  Wove 

4000 

Bond 

Rear  Bearing  Nolle 

10000 

Band 

Bearing  Friction  & 

Surface  Roughnese 

Frequencies  taken  from  Spectrograms  9«10  through  9*12 

Prototype 

Motor 

Structureborne 
Spectrogram  Sheet 

Airborne 

Spectrogram  Sheet 

184  Frame 

3-4 

Top  Spectrogram 
on  5-1 

213  Frame 

7-4 

Middle  Spectrogram 
on  8-18 

324  Frame 

9-15  &  9-16 

9-17 

364  Frame 

3-14 

Top  Spectrogram 
on  5-19 

9.4,1  Unbalance  Noise 


The  unbalance  noise  of  these  two  pole  prototype 
motors  reflects  in  the  63  ept  one-third  octave  of  the 
structuroborno  spectrograms.  The  spectrograms  of  the 
184  frame  motor  reveal  that  this  band  is  one  of  the 
lowest  levels  recorded.  The  levels  become  progress¬ 
ively  higher  for  the  larger  frames  but  only  on  the  364 
frame  motor  Is  the  unbalance  noise  level  within  10 
adb  of  the  highest  level  produced.  Thus,  even  con¬ 
sidering  the  be  lane  Ing  difficult  lee  prey  ieue  de  ear  I  bed, 


source  of  vibration  in  the  prototype  maters. 
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ventional  counterparts  reveals  the  prototype  motors 
have  approximately  10  adb  less  unbalance  vibration 
along  the  axial  (X)  axis  and  15  to  21  adb  less  along 
radial  axat  (Y  and  Z)  for  tha  184,  213, and  324  framo 
motors.  The  364  framo  has  essentially  the  same  lev¬ 
els  on  tha  radial  axes  at  Its  counterpart.  With  bettor 
dynamic  balancing  equipment,  these  levels  could  bo 
further  reduced. 


Determination  of  the  noise  reduction  achieved  In 
the  design  of  the  prototype  motors  requires  compar¬ 
ison  with  the  most  nearly  equivalent  conventional 
(not  low  noise  design)  motors.  Tests  of  such  units 
reported  in  earlier  sections  will  be  used  to>minlmixe 
the  amount  of  test  data  supplied.  As  outlined  In  Sec- 
tlon  2,  the  test  motors  wow  modified  In  various  man¬ 
ners  to  reduce  noise  generated  by  sources  other  than 
the  one  under  study.  Certain  of  the  tests  wars  con¬ 
ducted  with  conventional  motors,  however,  and  these 
Include  units  slmilarto  three  of  the  prototype  motors. 
Tha  5  I  IP;  2  P«!r,'  184  frame  motor  used  .In.  various 
tests  was  essentially  identical  to  the  5  HPprototype 
motor  and  therefore  cannot  be  used  for  comparative 
purposes.  No  tests  of  a  motor  similar  to  the  40  HP, 
2  Pole,  324  frame  DPP  motor  hove  been  previously 
reported.  Tests  of  a  40  HP,  2  Pole,  326  frame  DPP 
motor  meeting  MIL-M-17060A  ore  therefore  supplied 
on  Spectrograms  9-15  through  9.17.  The  following 
spectrograms  are  used  for  comparison  with  the  pro¬ 
totype  motors: 


9.4.2  Magnetic  Nolsa 

An  Investigation  of  tha  120 cycle  magnetic  nolsa 
produced  by  the  prototype  motors  reveals  that  the 
lavols  are  almost  identical  to  that  af  the  convention¬ 
al  motor*.  This  it  consistent  with  tha  design  features 
at  the  only  criterion  employed  which  would  minimize 
this  frequency  vibration,  was  the  limitation  on  the 
maximum  a  Ir  gop  flux  density.  Both  tha  prototype  and 
conventional  motors  under  discussion  have  air  gap 
flux  densities  of  less  than  40,000  lines  per  square 
Inch.  The  corresponding  TEFC  units  have  Identical 
volues.while  the  prototype  DPP  motor*  have  slight¬ 
ly  higher  fiux  densities  because  of  their  somewhat 
cramped  design.  Thus,  the  5  HP,  184  frame  prototype 
hat  4  adb  more  120  cycle  vibration  than  the  conven¬ 
tional  unit  because  its  air  gap  flux  density  it  higher 
than  the  3  HP  conventional  motor.  Note  that  tha  lev¬ 
els  for  the  5  HP  totally  enclosed  motor  are  lest  than 
the  DPP  motor  even  though  the  flux  density  it  high¬ 
er.  This  Is  a  result  of  the  greoter  rigidity  imparted  to 
the  stotor  core  by  the  totally  enclosed  frame  which 
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has  continuous  peripheral  contact  with  the  stator 
core.  The  364  frame  TEFC,  40  HP  motor  has  lower 
values  than  the  324  DPP  motor  but  also  has  less  air 
gap  flux  density.  The  stiffening  effect  of  the  frame 
is  less  on  the  larger  frame  sizes. 

Additional  design  criteria  were  employed  to  re¬ 
duce  the  more  ob|ec,tionable  slot  frequency  vibration. 
The  test  data  indicates  that  the  prototype  motors 
have  an  average  13'adb  less  primary  rotor  slot  fre¬ 
quency  vibration  than  the  conventional  motors.  The 
secondary  rotor  slot  noise  of  three  smaller  units  is 
a fL a veraae  fl  adfa  less  than  their  counterparts.  The 
secondary  rotor  slot  frequency  vibration  in  not  evi¬ 
dent  on  either  364  frame  unit. 

Even  though  the  reduction  of  slot  frequency  vi¬ 
bration  is  greater  than  the  120  cycle  magnetic  noise, 
the  level  remains  higher.  However,  the  steps  that 
should  be  taken  to  further  reduce  magnetic  noise  will 
be  effective  at  both  high  and  low  frequencies.  They 


1)  An  Increase  in  radial  thickness  of  stator  core. 

As  shown  in  Section  3,  this  dimension  has  a 
pronounced  effect  on  the  deflection  of  the 
stator  core  due  to  the  radial  air  gap  force 
wave*, 

---21.  -gt3mo~modifacattBa«.-tucfa.  as.xincunvf«i»nttzii'  r-  a 
ribs  to  impart  additional  rigidity  to  stator 
core.  .  _ _  __ 

3)  Rotation  of  successive  stator  r.  loitino- 

tlons  to  minimize  permeance  variation  due 
ta  grain  orientation, .  ..  ..  _  _ 

4)  The  dripproof  protected  motors  could  have 
encapsulated  windings  to  reduce  stator  core 
vibration, 

5)  Use  of  'Internal  isolation  material.  If  the 
above  four  steps  are  insufficient  to  reduce 
the  high  frequency  vibration  to  acceptable 
limits,  steps  may  be  taken  to  attenuate  this 
noise  between  the  source  andthe  motor  frame. 

As  shown  In  Section  8,  internal  isolation  of 
the  stator  core  to  reduce  magnetic  noise  Is 
feasible.  However,  additional  work  Is  neces¬ 
sary  to  evaluate  the  cooling  of  motors  utilis¬ 
ing  such  Isolation. 


9.4.3  Bearing  Noise 

The  principal  design  criteria  employed  to  reduee 
bearing  noise  and  vibration  wore  the  use  of  high 
quality,  low  vibration  bearings,  careful  attention  to 
//  mating  .parts,  and  setting  the  optimum  preload  force 
by  means  of  the  preload  adjustor  previously  describ¬ 
ed.  An  investigation  of  the  test  data  indicates  thot 
these  steps  have  appreciably  reduced  bearing  noise 
over  a  wide  frequency  range.  The  low  frequency  bear¬ 
ing  noise  has  been  essentially  eliminated  as  a 
troublesome  noise  source.  The  preload  band  is  pres¬ 


ent  due  to  the  use  of  thrust  washers  but  the  level  is 
minimized  by  the  setting  of  the  preload  ad|ustor  ex¬ 
cept  where  a  greater  or  more  important  reduction  of 
another  frequency  band  was  desired.  The  184  frame 
motor  reveals  a  slight  preload  bond  on  the  X-axis 
which  was  minimized  by  the  setting  of  its  preload  ad¬ 
justor.  In  the  case  of  the  213  and  324  frame  motors, 
the  preload  adjustor  was  locked  at  the  setting  that 
resulted  in  minimum  high  frequency  bearing  noise  be¬ 
cause  of  the  appreciably  higher  levels  at  these  fre¬ 
quencies. .This  high  frequency  bearing  noise,  reflect- 
cd  bands  fre-  S.OOG  to  20,000  cp»,  .»  cou-od 
by  bearing  friction  and  surface  roughness  of  the  bear¬ 
ing  components.  The  prototype  motors  have  an  aver¬ 
age  of  7  to  24  adb  less  vibration  produced  by  this 
source.  However,  the  levels  in  these  bands  remain 
the  highest  produced  by  the  motors.  Further  reduc¬ 
tion  of  this  high  frequency  noise  primarily  requires 
use  of  ball  bearings  with  lower  values  of  high  fre¬ 
quency  vibration.  If  these  bearings  are  not  obtain¬ 
able,  the  bearing  noise  may  be  attenuated  by  the  use 
of  Isolation  material  between  the  bearings  and  the 
bearing  housings. 

The  213  frame  motors  are  examples  of  a  rather 
rare  phenomena.  These  motors  are  some  of  the  few 
tested  where  the  magnetic  noise  in  the  middle  fre- 
-  qu»**y- 1$0&  W-  4380-  Wp*  -  we*  net-  more  prorrr- 
inent  than  any  other  source.  Narrow  band  analysis  of 
the  prototype  motor  revealed  a  band  of  bearing  noise 
centered  about  270Q  cpt  which  had  higher  levels. 
This  Is  not  a  prominent  bearing  frequency  and  the 
even  hioher  levels  of  this  bond  on  the  conventional 
motor  suggests  a  resonant  condition. 


9.4.4  Fan  Noise 

The  prototype  motors  ore  no  exception  to  the 
rule  thot  fan  noise  is  principally  airborne  in  nature. 
Therefore,  the  analysis  of  this  source  of  noise  must 
concentrate  on  the  sound  pressure  spectrograms.  The 
airborne  spectrograms  of  the  four  prototype  motors 
and  the  specially  tested  326  frame  conventional  mo¬ 
tor  were  taken  in  the  Allis-Chalmers  reverberant 
sound  room  at  Norwood,  Ohio.  This  room,  which  has 
smooth  concrete  walls  to  provide  high  acoustic  re¬ 
flection,  was  designed  to  facilitate  sound  power  con¬ 
version  of  the  measured  sound  pressure  levels.  Table 
9-6  furnishes  the  correction  which  must  be  added.to. 
sound  pressure  levels -recorded  In  this  room  to  ob¬ 
tain  sound  power  levels.  As  an  aid  in  comparing  the 
airborne  noise  test  results  with  MIL-E-22843,  Table 
9-7  furnishes  the  maximum  sound  power  levels  per¬ 
mitted  for  Grades  B  and  C  equipment  and  the  corres¬ 
ponding  sound  pressure  levels  for  the  Allis-Chalmers 
Sound  Hoorn  only.  The  levels  for  Grade  A  equipment 
are  20  db  lower  than  the  corresponding  Grade  B  and 
C  levels. 
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TABLE  9-6 


TABLE  9-7 


Sound  Powor  Conversion 


To  convert  Sound  Pressure  Levels  re  0,0002  dynes/sq.  cm. 
recorded  In  the  A— C  Sound  Room  to  Sound  Power  Levels 
re  10“'^  watts,  the  following  correction  must  be  added. 


1/3  Octave 

Correction 

10 

12.5 

14, 

“  ■“  1U.S 

20 

25 

31.5 

40. 

50 

11 

63 

80 

100 

125 

11.5 

160 

200 

250 

12 

■  315 

...  .  400 

. 12.5 . . 

_  5°C  .  . ~  ■  1 

_  639 

.33  _ 

800 

13.5 

1000 

1250 

14 

1600 

14.5 

v,  2000 

15  - 

2500 

,  15.5 

3150 

li 

4000 

16.5 

5000 

17.5 

6300 

18. 

8000 

19 

10000 

21/ 

The  reverberant  room,  in  addition  to  facilitating 
sound  powor  computation  also  permits  more  accurate 
determination  of  high  frequency  levels.  Tests  of  many 
motors  indicate  higher  sound  power  levels  at  high 
frequencies  when  measured  in  this  room  than  when 
calculated  from  sound  pressure  levels  measured  un¬ 
der  lest  reverberant  conditions.  It  appears  that  the 
difference  is  duo  to  absorption  of  high  frequency 
noise  "under  seiml-onecholc  conditions  rather  thori 
amplification  under  reverberant  conditions.  The  tost 
conditions  definitely  affect  the  levels  recorded  and 
the  uiiove  described  tests  were  conducted  under  the 
more  unfavorable  condition. 

The  sound  pressure  levels  at  frequencies  below 
100 cps  shown  on  the  test  data  taken  in  the  reverber¬ 
ant  room  are  caused  by  the  room  ambient  which  fluct¬ 
uates  as  shown  in  the  third  spectrogram  of  sheet  9-3. 
Repeated  tests  have  verified  that  any  levels  on.  the 


Sound  Powor  Levels  re  lO"1^  Wotts 
Permitted  by  MIL-E-22843 
For  Grade  B  &  C 


.  -  Permitted 

. Permitted 

Sound  Power  Level 

Sound  Pressure  Level 

1/3  Octave 

db  re  10  “,3  Won. 

db  re  0.0002  dynee/sq.  cm. 

In  A-C  SOUND  ROOM  ONLY 

40. 

92 

on 

81 

79 

63 

88.5 

77.5 

80 

87 

76 

100 

85 

73.5 

125 

83.5 

72 

160 

82 

70.5 

200 

80 

68 

250 

78.5 

66.5 

315 

77 

65 

400 

75 

62.5 

500 

73.5 

61 

630 

72 

59 

800 

70 

56.5 

1000 

68.5 

55 

1250 

67 

53 

1600 

65 

50.5 

2000 

63.5 

48.5 

2500 

62 

46.5 

_  3150.  _ 

60  _ 

_ 4.4. _ 

4050 

. 55. 5 

47 

5000 

57 

39.5 

55 _ 

53.5 

37 

8000 

34.5 

10000 

52 

32 

motor  spectrograms  that  are  higher  than  the  recorded 
ambient  are  due  to  the  rapidly  changing  ambient  rather 
than  motor  noise.  Thls'bmblont  condition  was  the  re¬ 
sult  of  the  newness  of  the  rovorborant  tost  facility 
which  could  not  be  corrected  in  time  for  these  tests. 
However,  as  Table  9-7  indicates,  the  low  frequency 
levels  permitted  by  MIL-E-22843  are  far  higher  than 
the  ambient. 

An  Investigation  of  the  prototype  spectrograms 
rsvsols  tht.t  the  prominent  vibration  frequencies  ore 
not  transduced  into  airborne  noise.  This  is  due  to 
two  reasons;  1)  the  vibration  levels  have  boon  re¬ 
duced  considerably  and,  2)  the  prominent  vibration 
is  of  high  frequency  which  is  roadily  attenuated  in 
transmission  and  transduction.  Thus,  for  the  proto¬ 
type  motors,  not  only  it  fan  noise  not  evident  in 
structureborne  tests,  but  unbalance,  bearing,  and 
magnetic  noise  ore  not  evident  in  the  airborne  Revels. 

C»mp«*l«*RrS<-sssssd  p-essurs  levels  recorded 

under  reverberant  conditions  with  those  taken  under 
seml-aneehoic  conditions  is  difficult  due  to  the  ap¬ 
proximately  10  db  increase  caused  by  the  reverber¬ 
ant  room.  This  variation  is  frequency  dependent  which 
compounds  the  difficulty.  However,  even  under  the 
more  adverse  test  conditions,  the  prototype  184  frame 
motor  can  be  seen  to  produce  both  lower  levels  and  a 
better  frequency  distribution  than  its  counterpart. 
The  sound  pressure  level  produced  by  this  motor  is 
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essentially  constant  (approximately  45  db)  between 
250  and  8000  cps.  The  only  high  frequency  band  that 
is  more  prominent  than  the  rest  is  a  6300  cps  band 
that  reflects  a  slight  whistle  eaused  by  air  passing 
through  and  around  the  end  turns.  The  overall  levels 
of  the  184  frame  motors  are  the  same-but  the  rever¬ 
berant  ambient  produces  levels  higher  than  those  pro¬ 
duced  by  the  motor,  thus  the  overall  reading  (desig¬ 
nated  on  this  spectrogram  as  Lin  or  C)  is  not  indica¬ 
tive  of  the  motor’s  noise  output.  Test  of  on  earlier 
version  or  inis  motor  Tn  u  ■oim-wimCuGiv  roo“  rsvssU 
ed  a  52  db  overall  reading.  (See  Spectrogram  3-16). 
The  principal  design  feature  that  caused  the  reduc¬ 
tion  of  fan  noise  was  the  shortening  of  the  axial  fan 
blade  length  until  a  temperature  rise  near  the  Class 
B  limit  resulted.  The  prototype  184  frame  motor  has 
50%  of  the  original  length  removed. 

The  comparison  of  the  324  frame  prototype  motor 
with  Its  326  frame  conventional  counterpart  1s  con¬ 
siderably  easier  and  more  Indicative  of  the  reduction 
achieved  because  both  motors  were  tested  under  Ident¬ 
ical  reverberant  conditions.  The  prototype  motor  has 
a  13  db  lower  peak  and  a  10  db  lows.-  overall  reading. 
Again,  the  reduction  Is  mainly  a  result  of  a  reduced 
fan  blade  length.  The  324  frame  motor  has  a  fen  blade 


load  adjustor  in  the  rear  end  bearing  housing,  there¬ 
by  permitting  optimum  location  of  the  fan.  This  de¬ 
sign  change  would  result  in  an  Increase  in  overall 
length  of  between  H  and  K  Inch. 

9.4.5  Narrow  Band  Analysts 

Narrow  band  (6%)  analyses  were  made  of  the  vi¬ 
bration  and  airborne  noise  produced  by  the  four  pro¬ 
totype  motors  for  two  reasons: 

1)  Jo  determine  if  differences  in  amplitude  would 

be  observed,  and 

2)  to  determine  unknown  discrete  frequencies  of 
noise. 

No  appreciable  difference  in  amplitude  was  noted  for 
any  prominent  frequency  in  any  of  the  above  tests. 
Also, ..whenever  there  was  noise  of  an  unknown  fre¬ 
quency,  narrow  band  analysis  Indicated  the  presence 
af  a  band  of  frequencies  rather  than  a  discrete  fre¬ 
quency.  ThusJhfO  narrow  band  analyses  of  these  mo- 
tors  furnlshed  ho  additional  information  not  supplied 
by  the  one-third  octave  analyses.  Therefore,  only 
one  narrow  band  test  Is  furnished  for  Illustrative  pur¬ 
poses.  Spectrogram  sheets  9-13  and  9-14  contain  the 
narrow  band  analysis  of  the  airborne  noise  recorded 


the  -2  feet- fro«ti>ereor.end.  ofths  184fromo,motor,_ 


326  frame  motor). 

The  213  frame  prototype  meter Jtent  peek  love* 
of  3  db  lets  than'  the  conventional  motor  and  a  5  db 
lower  overall  level.  This  reduction  Is  fete  than  an¬ 
ticipated  due  to  two  modifications  within  the  fen 
housing  enclosure: 

1)  The  inclusion  of  the  preload  adjustor  In  the 
..  fen  end  bearing  housing  requirsd  the  place¬ 
ment  of  the  fan  nearer  to  the  fen  housing  In¬ 
take  grid. 

2)  The  Incorporation  of  the  balance  ring  and  the 
unidirectional  fan  into  one  assembly  prevent¬ 
ed  a  reduction  In  the  fan  diameter  over  the 
customary  bidirectional  fen. 

The  factor  which  set  the  minimum  diameter  was  the 
necessity  af  the  balance  ring  occupying  the  space 
above  the  bearing  housing  hub.  Thus  the  optimum 
design  unidirectional  fan  could  not  be  utilised.  A  re¬ 
duction  in  fan  diameter  would  have  resulted  In  a  large 
decrease  In  air  velocity.  The  only  modification  that 
could  be  made  was  the  reduction  in  axial  length  of 
the  unidirectional  blades  which  reduced  the^olume 
of  cooling  air..  ...  _ 

The  364  frame  totally  enclosed  prototype  motor 
has  a  similar  reduction  in  fen  noise.  The  peak  ,gnd 
overall  levels  of  this  meter  are  4  and  6  db  lowerfhan 
those  of  the  conventional  motor  recorded  under,  semi- 
anecholc  conditions.  The  balance  ring  and  preload 
adjustor  of  this  motor  did  not  cause  an  oversize  fan 
diameter  but  did  cause  the  fan  to  be  located  nearer 
the  intake  grid.  The  fan  noise  of  the  totally  enclosed 
motors  could  be  further  reduced  by  placing  the  pre¬ 


9X6  Comparison  With  MIL-E-22843 

Although  Military  specification  MIL-E-22843  was 
not  Issued  until  just  prior  to  the  termination  of  this 
contract,  a  comparison  of  the  noise  produced  by  the 
prototype  motors  with  this  present  BuShlp  specifica¬ 
tion  may  bo  of  interest. 

The  airborne  noise  for  any  size  equipment  is  the 
same  and  Is  specified  In  terms  of  sound  power  levels 
for  one-third  octave  bands  between  40  and  10,000 
cps.  Table  9-7  lists  the  permitted  levels  for  grade  B 
&  C  equipment  and  the  corresponding  sound  levels 
as  measured  in  the  A-C  seund  room.  The  permitted 
levels  at  low  frequencies  are  considerably  higher 
than  those  produced  by  the  prototype  motors.  The 
rapid  decrease  In  permitted  levels  which  approxi¬ 
mates  an  ambient  condition  results  In  all  the  motors 
exceeding  the  specification  at  high  frequencies.  In 
the  case  of  the  184  frame  motor  only  the  levels  at 
frequencies  greater  than  4000  cps  are  above  the 
specified  limits.  At  the  ether  extreme,  the  364  frame 
totally  enclosed  mater  exceeds  the  limits  at  all  bands 
higher  then  250  cps. 

The  str uctureborhfe -noise  produced  by  th« i  proto, 
type  motors  does  not  increase  appreciably  as  a  func¬ 
tion  of  frame  size.  However,  the  adb  levels  permitted 
'  by  MIL-E-22843  decrease  as  a  function  of  motor 
weight.  The  weights  of  the  four  prototype  motors  are 
shown  in  Table  9-1.  The  corresponding  adb  Isvels 
permitted  for  Grade  C  equlpmsntfor  all  one-third  oc¬ 
taves  between  25  and  8,000  cps  are  91,  88,  83,  and 
81  adb  respectively  in  order  af  increasing  frame  size. 
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The  184  frame  prototype  barely  exceeds  the 
specified  limit  In  the  high  frequency  bands.  The  213 
motor  pxceeds  the  limit  for  units  of  Its  weight  by  a 
few  db'on  some  axes  but  the  average  band  levels  re¬ 
main  below  the  limit.  The  324  frame  motor  has  the 
highest  structurebome  levels  and  exceeds  the  speci¬ 
fication  for  its  weight  by  as  mueh  as  12  adb.  The  364 
frame  motor  has  lower  acceleration  levels  but  again 
exceeds  the  specification. 

In  summary)  the  smaller  two  motors  come  very 
close  to  meeting  the  present  structurebome  spec  if  i* 
CCtiin  end  the  134  frCmuviiljr-  aXuaad*  irto  uiruurn* 
specification  at  very  high  frequencies.  The  larger 
motors  exceed  both  the  airborne  and  structurebome 
limits  by  appreciable  amounts. 


i 

9.5  GENERAL  COMMENTS 

A  comparison  of  the  prototype  motors  with  each 
other  indicate  that  the  totally  enclosed  motors  have 
lower  vibration  levels  but  higher  airborne  levels  than 
the  drlpproof  protected  motors,  The  vibration  is  less 
due  to  the  more  rigid  frame  and  continuous  peripheral 
contact  between  the  frame  and  stator  core.  The  higher 
airborne  levels  are  caused  by  the  totally  enclosed 
external  fans.  The  vibration  levels  remain  essentially 
'  ^constant  as  the  motor  size  and  rating  increases.  The 
— “airborne  nois~e“prbdueed~b77he~icirger  Induction  motor 
Is  greater  because  1)  the  higher  peripheral  speed  of 
larger  fans  and)  2)  the  larger  frame  Is  a  more  effect¬ 
ive  transducer  of  vibration  into  airborne  noise. 


m 


„  , , — — 

I  r  ■  rrrrT+TTr<wrnvr*  r^n  ;•■■••  .■  u 


■■•'■F-f 


|UJ» 

_iin^rrw> 

Imr^ 


*r»r 


■»  *  l  iff  fsiiM 

mm  mi-x  r  rr^m-tT/  — 

IrriMjp  ^T^mirfiPTT^T^i1.  'tf.S'1 1 iff*  J  raw H 

~  i  rrrTT^B  arr—  y  _y  ^ 

I  ir  ir>r Tnrn  ,-^a >  'P  J  *  n r  J  gg; :  J^a 

IfTlPv  f*Jry?7T,^r:^W77»>''T^ 

!■  a».  p.pyiM  "p',  ijiyr  pv'rrrj;;j.v.gfjj 

I |)A F-V'  t*y  w  rm~n^ | ra F-'r.> V F'lft.  ?! frJ.VJFWJ  1 

■  ■IIP; n:rrr;w.' m^77.  ,T,)1  Rfl '.  "p^  :'t  .  J.'1^ 

I  H  IP  1 1 1  >  '■<  ,  .'.  I  — f  t*,v r  rF7TTr^  ww/r.-f  uTTJ 


i  wf  f  ■ -'-j  <r;rr 

i  r.'m!.'1'  p  j- 

.  J  £v.-  '-4J  fTFftTM  *7J7m iszh 
|  f  V/J  I  ,pJ  J.  ^  "AT*I 

k  r  y  p1'!  >*  \rTin  \p  ■pr»vr^r^yyTrrry77rr 


Tm./i— i  ■ 


■rrzrzm 


lu  iP!,7ir,Tviw,i  vrPT\r» 
Inar: - 


_ _  VJV*  ,  ^ 

*» ■  f  rJ.f  U*  <  i J  -  JJ 


, ,  _ 

H'fW  HJUB-.  J.Mi 


I  n  ■« r<> 

|i:i^i  ii  i«i>  jpjK?Tiir»p 
liTl* 


■  >■▼9  l  I  IP.F/JP  jjjpj  > ■ 

■  ott^h  r  r  ■  j  .■_'  »p  i 


I  III  HTT^yrTWH  V  TT\ 


I'W'HU 


'vrp-iFnrT? 


■  r  ^ B  HI  \  or  /  t  4 1 

■rw 


lF-PWfF^?Wnrf 


.  rmwnii 

rW7  LIP  7TRTF  7  XT?  H  ■ 


l^il n •  c  t/ ■> •>* V  Tf JV" T i r / J 772FI7TEm I 

1 1  vi  p  >,vi  ;  r  j  j  wyr'^u — rr"7^  rpyrm  fryrTgrTTM  ■ 

|g-iy  >rm  ,'I-»^I  !—■■>!,  J I ■'  'JJ-.  liM  MB 

I  EjgTarTrerrgTgg  ph  rmm  r^nnxi  ■ 

Ieui 


*•*•**  hmiimi  ••nmni  fin  alarm  ivw«tlv  >iti 
MNitaiai  muriMUM  M'ivwii  imtih  u  >h 
IwrMtII  Mil.  IIIHttNI  n  UVf  MMIIUTIHI: 

-v+lrtrn  atm  («r*la  /4#n  ■)««  rrtfla 


P—rmft/urvararw 
I  l- J  mm  2y  sgri/o  m  nr. 
KEiignsOTarTzirarai 
jnigaBgar?3CTaryngni 

ss 


■nrincni 

M^CTgpgsiCTnaixaQECTCTcia  I 

.  - - . 

[™gggran2iommrejragjKtitp«r» 


»in/r:jnr 


i»i  mm  uamiiuM 


ir^yr-irir:;: 


ir.viiiii 

uxaciSi 


rmrrrra 


l«»aiM.(MTM«iAi^  MMUTIlUt  M  UMAai^ 

I)  IN  ilirMf  UiMIliM,  WMhM 


aH5H53=H=  I 


Ul  MTM  MMUf tiMLJL  LN.  (•)  UTM 

(!)  I#MH>«I  WN-Ji,  iM  at* 


•tAfijfiH 

MVMtM  NUNMHM  NMNNMtMMIUll  PM  IfHMMMt 

'Mssfcwv^s:  ?~A~  •' 

MMW  m  MU 

MWM  IH4W'jfi7i 

MWI  R9  HNftttll 


:  ■  ■ :  .!■;  :.'.• : « 


■CCS  1 


kr:r 

'tsnui 

LEtuai 

.ui'X'r 

mm  _ _ 

— — n:  rai.TBUij.i.nii:.i  i  ai:i:. 

nBsaBnaiBBSL 

-,i  ■!  [■»  w*TT:T"nj>  T—l 

i+zjrmrinrr?T.W7T2rrrii7r\mimj-ri*?iirmrrnt 

tmrrriwmnjcnjir.’firinri  nrmrarrim  I 
^  ^rrri  rraw^Ern  gc  rrn  ign  kt]  ctj  rrn  irn  | 

QT'^rmrmm/.gv.-ir.’/jp/rin.fjrfgjir^r.ii-'rjrr.n 
rmri^rmrTrnrri^^.r'.raF/.KrnaFCTymrrjn 
nr:rrnrr:ir"r)rf,  jniirNi«;nr>  nr'urTn/j-i 
E3r//-)rmr7r^r/'JjrrairTri«r^]a^i». 
■pw.'iK-Virr^^Ji.'jrji.irirrrriiiifjFriryTucmmn 


I»iij«l«)-;:  ;uir 
li::  ..5LS...-.I 

I*  •  ■  ’  * '  ■ 


.  — -i-ra:-  mrrnr/nmjrfjjrf.nr/ir  ir^,l 

ai;  _ *  •■  1  "B,'rir.'J3FTT9FgBraar/g3t7aan — 


Irrr:  rnrjJl :  u  mmarpm  tmttttm 

■■rziruLK.^iiiLLMi - 


IITV7HI 


VMAf  MINT  Or  00MM.CTI  ATATOft 


tM  IMMflkT  VMM  VtATM  M  «Vt«l 
<  ^l*Wr  r^/  <**.  9  «•“<■  T* 

<f  avatar  *•*»  *#w  *#  jvrmm* 
mv/niHUMk  raja  »v«##  w.*(r»rf(r 
4  <MCr  O  Ja«'# 

J«<ai  ar  <a«'a 
S  JM'* 


. i .. «.’.;•! I';:  i;  u; :ijJ,;_Ui u:.a 

■MB  IIT— TTJ  1 1 1 1  —  | 
ipgTBim;  Hi  nzirramncri  rani 
■rpTlCT/rjr^’fjc 

'  MBrr/riHH 


TTTTITnr. 


leans 


■  r  7J  hp.zv 11  *  h  -/r "i  vmjru i >ji 

'•r 

■  LViRM.  Ul  )),»]■  ■ '■rj?9&UZjM\ 


li  |P  li  i  P  Mi  i  up  MM  iiMMU  | 

I  □  «■/;  ir  f  f-rah  jr/  hrnvrrr^^m  £j  S  I^BB 
|M>'  7  J  A  A  J  ! '.. I !) }  li-T—l  y '  ■! '  TT  j 

izth — 


ALTtftKATIM 
CURMNT  MOTOA 


ll 


xen 


£ mrm  aier  sxt  tch  JJJ  1/4  — 

-j £*.»  >  *  •  /  •  I  *»»  ••  mm  uaiMti 

WWWW KMH-Hiiw  vmm 
anuMTHHU-liniHflM 


tTATOH  COM 
.(■wnh_ZL_Im  • 


uitmi 

nmm  ji  miHuk  —  mm  Akvmtttm 
4M  •«««  MINMlM'WMmiUtfMHM  Aa*MmLS£L_  _ 


umm 

U1  MtM  UKUH  <iU  LU,  lllHT«l  INHVtlUM. 

Ult#Mi >TM  MWI  £JL  wm  m* 


MTWMNUMWHII  «M«<M  WTNWMM  »N  HHMWW 


■•nr;  si 


T7Tn:«'ii.'r:mTN>i 


nnrnHrr^TMKriiiSa  i".  nrcfit:.”': 

□BDSO  SSSH£Sp355D 

nsjrPiizair.'/.nrjTJr'rajr.sitwiwigrynrTyifBn 
ig  m_j  r'  ■  ’ :  / 1 :  j  >;  .g  r/i&  rra  mn  rm  rrra  rr jj  rm 
trmtTnrmrznLrmrmwmpurmrmTTZirm 
—  .  rrrtuniHMHHHMii 

i  ni  mmiTO  nm^Trjp— — 

_ _ ^nrra»if»iHJr.v.jr.)sir7x)r//Mwsanw 

I  rerx  nil  rm  i",1 .'  _  rj  Ji  n.n  wm  v:a  na  Wizin.ti  mn 
InrarrTirrjQ'  <:..ijJU».M»mrzurjnrxitnafiTW 
I  nmrru  rm ' 1 ,".  rm  ■  /a  r/T j  r;u  mn  rnci  r/xt  nzi 
tnrnTriirm^jTirmrTT&mr’riw.rnrmtTxirnr, 


S9 


_  aaiinEmjcaDaacCTrrariui 

;  ib:;;;!  1 

[iinmiinTOgr;iMlg^n7irri?:^gupyz]^ai?3 

i  1 1  ^mrmnTtwmmirTun:  ».-u  w,  uwm 

c .iiriiKKiTO:' - - -  — 

— fit'Mi  m" 

u.vm,1  1  ~ 


<r.  j  c.  a ■  ; rrr  n u rru giyun^  vu 

:r7TjEB^jf7Tj  FTTi  r7?T  rrn  i^fn  Frarrn 
i  rrar^rgnrz:  m  nr,  rm  no  m  wm 
x  fT—.rygr^mjTiryarTijrTn 

KBBBBBSSSM 


i!:HH5.y.T.iy-.iT. 


HtMl  •*»_!***_ 


i4iMua.i4wiMi mBwmi  M  — i  Am*** 
WMI  •#»— ■»— 4  m«mhm  AumtMUH 

IXtMttMtrtN  f/#jr 


.  *n:;n 

:]Di.:iiiHHi 
lailUHBBI 

imHMHHI 

_ irmMMwMi 

ulUIB  W  HHHIt/i'v 

mi:  ■  k— ■— rrr: 

inawni  ithi 

r..*i  JMzaiwx:  ..*■! 


:ci  :;.;.'>a<i:r':.7ii  «i  iimiE  um 
LiZJr7T]fiZMWlrTTinf?12tIK}tZIlW711WUnW7XiW710 
tcjrrii^EjrTfflg^r^  rein  grin  irrpj>7TiF7Ti  ran 

rrc a  ri'/a  SS  ££  ££  Z2  ZS  Sm 

I— IlfflM  11  1  i  Mi’l’llTI.VM:!  {Al.n.HHHi 
Iffrgrrnrggrryr.^g^rnQgmrrg^^gaarTTn 
rerarr  n  r/y  i  few  rrn  rm  rttstrm  w?  t:  wtz*  rm 

Inrrirmryyixyfrrrf^r/Tjr^if/  sjryjtjg,ffjrmr7'J3 
^g/i<ir77ir^irrTrr?T^rTri|7yininy^r7TjrtnF7y] 
ipjthBrrfjrTr,,in7r:rrn!i7»mRrTffjg7y3rTf]g7zjFrin 
Brr<gL?mi.l-y.r..j  i.g^a,,tTirrnsxnrT73grj2rm 
ffyNyrnryyir^if^'nrrarTTrfFTTiiTfarTTiaTyirTyj 


I  x:  -i.: . m rmrrr* rnn 

k  r,.  ,i  :\2”.irr»rr.nr77iPT5riF57^ 

BSSSSSS^Sbh 

■li ti  n  ■umm.ir  u 


SSSSSSSSSSSS# 


_ 


inrriimig4igjirngtirriX7rifni7i 
iT7/>iir7TJWrT7~^M— 

W/.Tl—l  — — ■— Pi 

r  f  i.'  HUM  HPI  ■■  M 


gfldLfJgj/'lBli 


xu  H  ipyyyn  fzrtRin  p?gi/g/ia  i 


npan?77gT?ygOTH 


ALTERNATING 
CURRENT  MOTOR 


Sill 


3  p  0  0  0  i?  0  0  O  0  C  0  0  0  &  0  0  O  O  0  0  (i|  g  O  0 


Bhhih 
■mil 


umiiiiianiiiiiHiiuiiFN 

Smm 


■ill 


IlifllllM 

mmmm 

lllilllii 

aw 

■  . . . 

IlMHlJ! 

wiHgmuiHimiiiiiiiil 

UIIIIIIIIIIHIHBB 


IIIIS 


•  ss. 


IS 


■mUiMMIHHIIIIHl 

■llllllililMlllli 

mnnnliniiniiir'1111 

«nuaHniiiiiimium| 
till  lifiSII 

WIIIIIIIIIIIIIIII Jtlllllll 

iiiiiiiiiiimiikkhiiiL 
■■lllllll  HIIIHill 


mimiiiimmimiiii 

iiiiiiiiiiiiniiMiii 

a  >■■■■■■■■■■■■■  I 


—Mil 

imiiiiiiiiiiu  iiiiiii 

niiiiiiiiiiiiii  iiiiiiii 


hi  ii 

hi  n 


IllllimillllllllUli 


tmimnnmniiiFSivi 

5iSiiilliiiiiii5S|'am2i 

imiiiliammrimiiii 

MimimmiiikKHiiii 

iiiiiiiimiimimniii 

[niiiHiiiiinliiin 

iiiii  imiiimmiHinil 


aaBnaiaiRHiiiHHiiaaieiil 

Hiiimiiiiiiiiiiiiiiiiiil 

SlllllllllllilllllSSSSSlIlll 

IIIIIlimilllllHIliiiSH 


■o  o 


050  0  0  0  0  0  0  0  0  o 


1.90  a> 


o 


tor 


o  o 


SECTION  10 

SUMMARY 


The  rosults  and  findings  of  this  study  fall  into 
two  cotogorlas:  those  which  maybe  considered  de¬ 
sign  criteria  for  low  noise  and  vibration  motors  anci 
facts  concerning  motor  noise  and  vibration  of  a  more 
general  nature.  These  arc  treated  in  subsections  10.1 
and  10,2  respectively. 

10.1  DESIGN  CRITERIA 


-10) 

*11) 

*12) 


orientation.  Punchings  should  be  rotated  pre¬ 
ferably  by  45°  steps  or  if  the  number  of  stotor 

slots  prevents  this,  by  90°  steps.  (3)  . . 

Laminations  should  be  annealed  only  If  punch¬ 
ings  are  rotated  os  specified  In  criterion  #9.(3) 
Steel-to-steel  eccentricity  of  air  gap  should  be 
less  than  2  mils.  (3) 

Use  of  low  vibration  ball  bearings  meeting 


The  following  design  criteria  for  low  noise  and 
vibration  induction  motors  are  recommended.  Numbers 
in  parenthesis  refer  to  the  sections  In  which  the  cri¬ 
teria  are  developed.  Those  criteria  available  at  the 
time  of,  and  used  In,  the  design  of  the  prototype  mo¬ 
tors  are  Indicated  by  on  asterisk. 

*1)  Use  of  low  air  gap  magnetic  flux  densities. 
Maximum  density  of  40,000  lines  per'  square 
Inch  is  recommended.  However,  a  low  flux  den¬ 
sity  Is  not  consistent  with  compact  motor  de¬ 
sign.  (3) 

*2)  Selection  of  proper  rotor-stator  slot  combina¬ 
tion  te  produce  high  node  force  waves.  Accept- 


*13) 

*14) 


*15) 


»■ 


i 


Equations  for  calculating  the  number  of  nodes 
fn&Kt&by  off  combinations  are  hrcfadwf  ht — 

Table  3-2.  This  criterion  It  one  of  the  matt 
important  in  reducing  the  rotor  slat  frequency 
vibration  and  he#  n*  edyer##  affect  on  the  mo¬ 
tor  performance.  (3) 

*3)  Skewing  rotor  bars,  ant' rotor  slot  or  one  stater 
slot,  whichever  It  the  greater  amount  of  skew. 

This  amount  it  qulta  pravalant  In  Industry  and 
requires  little  or  no  dttlgn  modification.  (3) 

*4)  Use  of  closed  rotor  slotsto  minimise  permeance 
variation.  Use  of  this  and  the  following  criter¬ 
ion  will  result  In  an  Increase'' of  leakage  flux 
and  reactance.  (3) 

*5)  Use  of  narrow  neck  semi-closed  stater  slats. 

The  minimum  opening  may  be  established  as 
twlep  the  thiekness  of  the  slot  liner  plus  the 
diameter  over  insulation  of  the  largest  wire 
sixe  plus  20  mils  clearance,  For  frames  lorger 
than  286,  the  clearance  should  be  Increased  to 
30  mil.'.  (3) 

6}  Incioase  in  radial  thickness  of  stator  core.  Only 
a  minimum  increase  is  possible  without  an  in¬ 
crease  in  the  frame  dimensions.  (3) 

7)  Frame  modifications,  such  as  circumferential 

fib*,  to  import  add  1 1  Jona  jr  Igjdi^.  fp  Jatpr  ,  .■>&: 

Appliediion  of  this  "criterion  will’ result  In  a 
non-stondord  ond  possibly  larger  frame.  (3) 

8)  Selection  of  stator  core  pitch  to  minimise  5th 
and'  7th  harmonic  of  air  gap  flux  density.  (3) 

9)  Rotation  of  successive  stator  core  laminations 
to  minimize  permeance  variation  due  to  grain  . 


*17) 


*'18) 


Ball  bearings  should  be  preloaded  by  use  of  a 
thrust  washer,  (4) 

The  amount  of  preload  force  should  be  the  min¬ 
imum  that  takes  up  the  Internal  clearance.  If 
means  for  adjusting  the  preload  are  provided, 
the  preload  can  be  adjusted  to  give  minimum 
motor  noise.  (4) 

An  Interference  fit  of  between  0.0001  and  0.0003 
is  recommended  for  the  shaft-bearing  fit.  Use 
of  ABEC-5  or  higher  bearings  Is  ah  aid  In  ob¬ 
taining  the  light  press  fit  ond  Is  more  compat¬ 
ible  with  the  Internal  tolerances  necessary  to 
produce  a  low  vibration  bearing.  (4) 

The  number  of  fah  blades  shbulabe  chosen  to 
BVUftf  pi6ducing^7he~ some  frequency  noise  at 
produced  by  ether  sources.  The  Important  com¬ 
bination!.  to  be  avoided  are! 

a. . Number  of  fon  blades  equal  to  number  of 
poles  (T20  cps). 

b.  Number  of  fan  blades  equal  to  fa  number  of 
roiling  elements  In  the  ball  bearing. 

c.  Number  of  fan  blades  equal  to  feP/120 
where  fc  equals  the  center  frequency  of 
any  objectionable  band. 

d.  Number  of  fan  blades  a  multiple  of  the  num¬ 
ber  of  protruding  ribs,  lugs,  etc. 

An  odd  number  of  fan  blades  will  usually,  but 
not  always,  meet  the  above  requirements, 
Clearance  between  fans  and  stationary  ports 
should  be  sufficient  to  prevent  a  siren  effect. 
The  wide  range  of  motor  sixes,  speeds,  ond 
constructions  precludes  the  numerical  deter¬ 
mination  of  a  permissible  minimum  clearance. 

(5) 

Within  the  range  of  acceptable  performance, 
cost,  and  the  weight,  the  amount  of  cooling  air 
necessary  should  be  reduced  by: 

a.  Use  of  low  current  and  flux  densities  to 
minimize  generated  heat. 

b.  Use  of  sufficient  iron  ond  steel  to  convey 

-  --sSf  varaifid/htal  -l*. .metar- +•'-*- 

c.  Full  load  operation  at  a  temperature  near 
the  insulation  class  limit. 

d.  Use  of  higher  temperature  insulation  sys¬ 
tems. 

Items  b,  c,  and  d  essentially  cause  an  Increase 
in  the  ratio  of  natural  cooling  (radiation  and 
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convection)  to  forced  cuoling  on  a  given  unit. 

(5) 

*19)  The  more  efficient  end-to-center  cooling  meth¬ 
od  thould  be  used  for  d ripproof  protected  mo¬ 
tor*.  (5) 

*20)  The  minimum  axial  length  of  fan  blade*  of  drip- 
proof  protected  motor*  thould  be  determined 
for  each  motor  design  for  nol*e-*en*ltlve  appli¬ 
cation*.  The  principal  reduction  of  the  airborne 
nol*e  of  the  drlpproof  protected  prototype  mo¬ 
tor*  wo*  real i ted  by  the  ute  of  thlt  criterion. 

(5) 

*21)  Totally  enclosed,  fan  cooled  motors  should  us* 
unidirectional  rather  than  bi-directional  extern¬ 
al  fan*.  (5)  \t 

*22)  External  fan*  ihould  be  aerodynamical ly  do- 
ilgned.  For  example. backwardly  Inclined  curv¬ 
ed  fan  blade*  on  a  conical  ihroud  at  thown  In  :. 
Figure  5-3.  (5) 

*23)  Sharp  turnt  and  comtrlctiont  In  the  airatream 
path  thould  be  eliminated.  The  area*  that  re-  - 
quire  tpeclal  attention  are; 

a.  The  external  fan  houtlng  opening  and  ex- 
hauit.  The  aerodynamic'  de*lgn  of  the  fan 
heueing  mutt  be  performed  In  conjunction 

b.  The  Intake  and  oxhautt  port*  of  drlpproof 
pret*«ted  meter*.  Screening  with  c  icrge 
percentage  of  open  area  thould  be  ynd, 

e.  Area  between  air  deflector  and  and  turnt. 

(5) 

*24)  Sharp  odgot  Ip  tho  alrstream  path  ihould  bo 
ellmlnatod.  Patti  In  contadt  with  high  voloclty 
olr  ihould  bo  given  prime  dontideratlons: 

a,  The  fan  should  be  imoath  and  free  from 
''  bum,  blow  helot,  otc. 

b.  Thsfanbowl  ihould  pratantno  thorp  odgot 
to  tho  olrttreom,  A  catt  fan  bowl  It  pre¬ 
ferable  to  a  fabricated  theef  iteel  one.  If 
theet  tteel  it  uttd,  the  edge*  ihould  bo 
rounded  during  the  itamplng  procett  or 
coated  with  plattlc  or  a  timllar  material. 

(5)  l 

*25)  Rotor  ban  thould  bo  \\herrlngb"n#  tkowed  to 
prevent  an  Incroato  in  boaring  nolle  with  load. 

<7)  \ 

26)  If  herringbone  tkew  canrtpt  be  uted,  the  omount 
and  manner  of  preload  should  be  teleeted  tuch 
that  a  change  in  preload  force  will  net  caute 
an  increaie  In  vibration.  The  vibratlrm  v*.  p:e- 
luuu  characteristics  mu  it1  be  determined  for 
\  each  tize  of  bearing  uted  and,  until  centiit- 
'''/  tncy^ii  verified,  hir  if.  J  i  V  luua i  beXiriVtg * .'  '(7 )  v 
*27)  At  large  an  air  gap  at  It  contittent  with  meet¬ 
ing  necessary  sto-ting  current  and  power  factor 
requirements  should  be  used.  (7) 

*28)  Machining  operation*  should  bs  performed  with 
a  minimum  number  of  set-ups  to  maintain  con¬ 
centricity  of  turns  and  bore*.  (8) 


*29)  An  ABEC-5  or  higher  toUranee  It  rWommend* 
ed  for  the  bearing. housing  bore*.  (8) 

*30)  flight  pres*  fit  (1  t->  2  mil*  interference)  i* 
recommended  between  the  bearing  housing* 
ond  frame.  (8) 

*31)  The  three  costing  material*  evaluated  in  this” 
study  In  the  order  of  their  preferred  usage  ore.- 
o.  Nodular  iron  , 

b,  Cast  steel  .;/ 

e.  Aluminum  (8) 

32)  Ribbing  of  housing*  Jwjd  yokas  will  increase 
their  rigidity, ond  reddc*  their  vibration  and  the 
airborpe  noise  generated  by  this  vibration.  Two 
Important  aspects  about  ribbing  must  bo  eon- 
tlderad: 

o.  Use  of  circular  rather  than  axial  rlbt  will 
cause  a  greater  reduction  of  deflection* 
due  to  radial  air  gap  forces, 
b.  Rib*  should  not  Interrupt  a  high  velocity 
olntream.  For  example,  tho  fan  ond  boaring 
of  TEFC  motors  should  not  bo  externally 
ribbed.  (3,  5,  &  8) 

33)  For  suitable  applications,  motor  winding* 

thould  be  encapiulated  to  reduce  itator  ear* 
vibration.  (8)  _ 

10.2  OBMltAL  eOMCLUlfOHf 

The  following  facts  concerning  Induction  motor 
noiio  or#  of  a  mere  gonoral  nature  than  the  design 
criteria.  In  many  instances,  they  furnish  tho  baeit  for 
tho  more  specific  design  recommendation*. 

1)  Specification  of  motor  vibration  mutt  Ineludo 
'  the  points  of  measurement  ond  the  axil  along 

which  the  vibration  Is  to  be  recorded.  Vibra¬ 
tion*  recorded  along  mutually  perpendicular 
axes  at  the  tame  point  or*  radlcallydlttimllar. 

2)  The  axl*  of  measurement  of  mater  vibration  It 
often  indicative  of  tho  direction  of  tho  genera¬ 
tion  of  the  vibration.  Thus,  vibration*  caused 
by  the  radial  air  gop  force  wove*  will  be  re¬ 
flected  In  the  radial  axes  on  the  motor  foot. 

3)  Tho  effective  source  of  120  cycle  mognetlc 
nolte  It  the  air  gap.  force  wave  created  by  the 
rotating  fundamental  (60  cpt)  magnetic  field. 
The  120  magnetoitrlctlv*  expansion  Is  both 
smaller  than  and  out  of  photo  with  the  fore* 
wav*  deflection., 

4}  7!vv  principal  effect  vf  hs.inunici  uf  the  funda¬ 
mental  air  gap  flux  wove  It  the  production  of 
stotor.core  vibration*  with  frequeneies  coprnx- 
onduM^-B  where  R  and 
P  or*  the  number  of  rotor  slot*  and  magnetic 
polei  respectively. 

5)  A  comparison  of  the  nolte  producing  aspects 
of  solid  lubricant  sleeve  beorlngs  to  boll  bear¬ 
ings  should  be  made  when  the  numerous  newly- 
developed  sleeve  material*  have  bean  evolu- 
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ot*d  and  developed  (or  application  in  the  Into- 
gral  horsepower  from*  alias. 

6)  Preloodlng  of  bearings  other  than  those  with 
low  vibration  characteristics  causes  an  In¬ 
crease  in  recorded  noise  levels.  The  mo^or  may 
sound  quieter  to  the  ear  because  of  the  j  emoval 
of  highly  Irritating  rattling  noise  caused  by  the 
balls. 

7)  Bearing  locknuts  should  only  be  usei)  where 

necessary  to  prevent  slipping  of  the  bearing 
on  the  shaft.  Locknuts  must  not  be  overtight¬ 
ened.  i 

8)  It  Is  recommended  that  lower  limits  of  permis¬ 
sible  dirt  count  of  lubrication  used  for  low  vi¬ 
bration  bearings  be  established.  .? 

t?)^.3nldirectlonal  jronf''y,  t!rlp(*{‘Sof  protected  me- 

'visitors  did  not  result  in  b  induction  of  motor  noise' 
because  of  the  complicated  airflow  pottery. 

10)  A  comprehensive  study  of  the  effect  of  motes' 

unbalance  and  means  of  correcting  the,  unbol" 
ance  is  recommended.  •'  -  V 

11)  Conversion  of  the  unbalance  displacement  val-l 
ues  normally  recorded  to  occelei'atlon  decibels  y, 
(adb)  levels  maybe  highly- Inaccurate  unless  1 
filtering  networks  are  utilised. 

12)  The  bearing  houslngj^and  home  have  nen-linear 

fare,  specification  of  motor  vibration  should 
only  be  made  at  points  of  prime  Interfax 
where  thle  vibration  li  externally  transmitted. 

13)  The  nolle  produced  by  various  factors  may 
either  Inereaee  or  decreaee  with  motor  load, 
but  tho  overall  effect  will  be  an  Increased 
noise  production. 

14)  The  measurement  of  motor  noise  under  load 
presents  the  problem  of  isolating  the  noise  pro* 
duced  by  the  loading  device.  The  following 
method  was  employed  in  this  study: 

a.  With  meter  isolated  to  highest  degree  ob¬ 
tainable,  take  nolte  measurements  et  load 
site,  such  as  dynamometer,  under  no  load 
condition  (uncoupled). 

b.  Take  nolte  measurements  with  motor  con¬ 
nected  to  lead  with  a  flexlblq  coupling 


frubber,  If  possible)  and  driving  a  minimum 
load  such  as  on  unexcited  dynamometer, 
e.  Toke  noise  measurements  with  motor  at 
full  load  (excited  dynamometer). 

\\.  The  corrected  full  load  reading  Is: 
a  Reading  "a"  +  (Reoding  "c"  -  Reading  "b") 

This  method  relist  on  the  ieolotlon  uied  (such 
as  mounts,  couplings,  separate  foundations, 
rooms,  Me.)  tc  mlnlmiie  the  noise  clinnge  In 
the  loading  device  due  to  load  rather  than  the 
total  noise  produced  by  the  loading  device. 

15)  The  use  of  domping compounds  on  castor  small 
fabricated  mgr?.-  components  did  nor  reduce 
motor  nolle.  This  observation  may,  or  may  not 
apply  to  lorg#  ih##t  ro$tol  •ncloflur**  mcuntio 
on  the  motor  frame. 

16)  Encapsulation  of  motor  windings  was  found  to 
affect  the  directivity  of  airborne  nolle  radio- 
tion  but  not  the  sound  power  emitted. 

17)  The  effectiveness  of  Internal  Isolation  mater¬ 
ial  In  reducing  motor  nolee  hae  been  establlehr. 
ed.  The  development  of  a  functional  eyetem 

“  Incorporating  contomlnont  resistance  and  ade¬ 
quate  cooling  l»  strongly  recommended. 

18)  As  the  motor  sis#  and  roilng  Increase,  the  vi¬ 
bration  level*  produced  will  remain  essentially 

19)  The  airborne  noise  produced  by  larger  induc¬ 
tion  motors  will  b*  grootw  become,  — - — 

a,  tha  higher  peripheral  speed  of  larger  fane, 

b.  the  larger  frame  It  a  more  effective  trans¬ 
ducer  of  vibration  !»•*  airborne  noise. 

20)  The  degree  of  compactness  of  motor  dotlgn  It 
in  en  Inverse  relationship  with  thq  noise  pro¬ 
duced.  The  Steps  that  must  be  taken  to  increase 
Ihe  horsepower  roilng  in  o  given  frame  ars  the 
opposite  of  the  steps  to  reduce  motor  nolte. 

21)  For  tho  some  motor  epoed  and  horsepower,  the 
frame  else  specified  byMIL*M-17060B  I*  small¬ 
er  for  drlpproof  protected  motor*  than  for  TEFC 
motors.  Thi*  will  reeult  In  drlpproof  protected 
motors  having  higher  amplitude*  of  vibration 
but  lower  amplitude*  of  oirborno  nolte  thon  the 
TEFC  motors  of  the  some  rating, 
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